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Introduction 


Despite a push by many nations towards green energy production, the 
global consumption of oil has not abated due to the increased economic 
demand of developing regions. Two general approaches are available to 
meet the demand for oil production: 


e developing more reservoirs, 
e increasing the production of already in-place reserves. 


The first of these requires increased exploration and production, which was 
traditionally costly and necessitates accessing new geographic locations, 
with attendant political and environmental implications. The development 
of unconventional shale oil has partially offset these issues in the US and 
Canada by opening up previously untapped reserves. In developing shale oil 
the industry has moved from a “difficult to find, easy to produce” to an 
“easy to find, difficult to produce” scenario. However, in many geographic 
regions, new reservoir opportunities are limited and if additional oil 
production is not developed then the concept of peak oil will become a 
reality, along with the economic, social and political changes that will 
transpire. 


Oil production using the reservoir’s natural energy (natural pressure) and 
artificial lift (pump, gas lift) are categorized as primary oil recovery. 
Unfortunately, natural driving forces are insufficient and primary oil 
recovery does not produce anywhere near the required amount of the 
original oil-in-place (OOIP); values are typically around 10%. Once oil 
production declines gas and water injection (waterflooding) play a major 
role in maintaining reservoir pressure. This secondary oil recovery results 
in considerable amounts of trapped oil in the rock matrix being recovered 
(15-40% of OOIP). Unfortunately, primary and secondary recoveries suffer 
from several limitations, including a rapid decrease in reservoir pressure 
and insufficient oil recovery due to the unfavourable mobility ratio (the 
difference between injected fluid and oil displacement on rock surfaces) 
among fluids, coning problems (water and gas), and lack of sufficient 
sweep efficiency. To overcome the above-mentioned issues tertiary 
enhanced oil recovery (TEOR) methods are employed, some of which 
include chemical, thermal, and gas miscible displacement processes. The 


various levels of enhanced oil recovery (EOR) are represented 
schematically in [link]. 
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Schematic representation of EOR classification and 
injection into reservoir. Reproduced with permission 
from R. Al-Mjeni, S. Arora, P. Cherukupalli, J. van 
Wunnik, J. Edwards, B. J. Felber, O. Gurpinar, G. J. 
Hirasaki, C. A. Miller, and C. Jackson, Oilfield Rev., 
2010, 2011, 4. Copyright: Schlumberger (2010). 


The contemporary debate over oil production decline has its roots in the 
understanding of the strong chemical interactions between oil, rock, and 
other fluids such as connate water in the source rock. The subsidence of 
hydrocarbons over million years geological time elevates their temperature 
and pressure and lunches the process of organic hydrocarbon maturation. 
This process involves two fundamental sub-steps that firstly converts the 
mature organic compounds into insoluble supramolecule kerogen, and 
converts into lighter hydrocarbon fractions as organic maturation upsurges 
in the long term. It is to be noted that kerogen will break off to smaller 
hydrogen-rich substances with a liquid form in the second step. Today, 
many reservoirs have lost their lighter hydrocarbon fractions due to 


declining reservoir pressure and the current rate of oil production. The 
liberation of oil from the host rock typically commences at changing 
physicochemical interactions between solid-oil-water systems and 
continues by large oil displacement. The main interactions between the 
rock-oil-fluid systems have been illustrated in [link]. 
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Main interactions for oil liberation through porous media with 
utilization of novel material: (a) liberation of unconventional oils from 
the surfaces of host solids/sands, which is mainly affected by 
parameters such as oil composition, oil surface heterogeneity, oil— 
water interfacial properties, solid surface characteristics and water 
chemistry; (b) separation of liberated unconventional petroleum from 
water, involving stabilization and destabilization of oil—-water 
emulsions by chemicals or mineral particles. Reproduced with 
permission from L. He, F. Lin, X. Li, H. Sui, and Z. Xu, Chem. Soc. 
Rev., 2015, 44, 5446-5494. Copyright: Royal Society of Chemistry 
(2015). 


Generally speaking, TEOR approaches can be described by one of two 
techniques: 


e thermal, 
e non-thermal. 


Thermal methods are essentially employed to reduce oil viscosity and have 
been utilized in heavy and extra-heavy oil reserves, as well as tar sands. On 
the other hand, non-thermal methods involve fluid (miscible or immiscible) 
injections to improve the mobility ratio <1. Miscible injection is the 
opposite approach to water flooding secondary recovery, in that instead of 
injecting water to displace the desired hydrocarbon, injection of a miscible 
compound (CO>) or solvent (LPG or alcohols) essentially dissolves the 
hydrocarbon creating a mixture with increased mobility. 


Current chemical flooding methods are divided into three main classes: 


e surfactant, 
e polymer, 
e alkaline flooding. 


In each case, the aim is to use chemicals to change the physicochemical 
interactions between the rock-fluid and fluid-fluid interactions. For 
example, by causing a significant change to the wettability of sandstone 
rock from oil-wet to water-wet. However, significant technical challenges 
remain, and it is in this field that nanoparticles, surfactants, and polymers 
show great potential. 


Currently, the use of EOR methods have led to additional production of 
2.5x10° barrels per day, and it is estimated that EOR could facilitate the 
extraction of as much as 3x10!" barrels of trapped oil. [link] shows that the 
proposed future relative oil production, in the USA and the rest of the 
world, is influenced by EOR methods. For example, in 2024, the EOR 
market size is expected to increase to over 25% (~$89 billion) due to higher 
demand within industries such as automobiles. Furthermore, it is expected 
that primary recovery will decrease while the amount of oil production 
employing secondary and tertiary methods will increase. The greater use of 
tertiary EOR methods in the USA as compared to the rest of the world is a 
function of the need to enhance recovery from shale reservoirs in the 
former. 
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Proposed future relative oil production, in the USA and 
the rest of the world, influenced by EOR methods. 
Reproduced with permission from R. Al-Mjeni, S. Arora, 
P. Cherukupalli, J. van Wunnik, J. Edwards, B. J. Felber, 
O. Gurpinar, G. J. Hirasaki, C. A. Miller, and C. Jackson, 
Oilfield Rev., 2010, 2011, 4. Copyright: Schlumberger 
(2010). 


[link] estimates the oil reserves including light, heavy, and extra-heavy oil 
across the world. A significant portion of the oil is produced by Saudi 
Arabia (266.8 billion barrels of oil) and its Ghawar Field (the largest oil 
reserve in the world) which appear to be running out as a result of the high- 
pressure drop in the reservoir. Saudi Arabia produces approximately 10 
million oil barrels per day, this means they can only produce oil for the next 
73 years (i.e., their reserves will be completely used by 2090). Running out 
of oil is shocking news for the world's population while other alternative 
fuels and technologies such as hydrogen, wind, and solar cell are still being 
brought on-line at a scale to provide the increasing global energy demands. 
According to World Energy Outlook (WEO), using EOR programmes has 
led to estimated jumps of 5 million barrel per day by the year 2030. 
Therefore, the need for affordable technologies using current and new 
chemicals to extract more than 60% of the remaining oil is imperative. 
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Distribution of heavy and light oil reservoirs across worldwide. 
Copyright: US Energy Information Administration (2008). 


The main heavy and recoverable oil reservoirs are located in North America 
({link]). Hydraulic fracturing (HF) is the main recovery technique available 
to sweep heavy oil out of tight and shale reservoirs. HF technique creates a 
microstructure within the reservoir formation and leads to a marked 
improvement in the permeability. However, it should be noted the oil 
recovery factor by HF is currently ~8%, the main reason behind this figure 
is the lack of rock permeability (0.001 to 0.0001 mD) in shale and tight 
reserves. The rock permeability in shale reservoirs is 1000 times less than 
the value of conventional reservoir rock. 


Dace. x 
as 


a 


Distribution of tight, shale, and heavy oil reservoirs depicts the 
main highly viscous oil resources are currently in the USA, 
Canada, Venezuela, and Russia. (US Energy Information 
Administration, 2011) 


[link] illustrates predicted global all-liquids production by 2035 across the 
world according to the International Energy Agency (IEA) report. The IEA 
reports anticipate a decrease in crude oil production per day by 42.4 million 
barrels from 2011 to 2035 in existing oilfields. However, it expects a slight 
decrease in total oil production due to adding and developing further 
undiscovered oil reserves. In general, IEA suggested no remarkable decline 
in oil production before 2035. 
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Predicted global petroleum production by 2035. Reproduced 
from R. G. Miller and S. R. Sorrell, Philos. Trans. A Math. 
Phys. Eng. Sci., 2014, 372, 20130301. Copyright: The Authors 
Published by the Royal Society (2013). 


Laboratory studies, as well as pilot experiments, have shown that polymer, 
surfactant, and nanoparticles are the most effective chemicals in the 
reservoirs for maximum oil recovery. Furthermore, some advantages, such 
as minimal scaling and emulsification, have recently come to fruition in 
simulated reservoirs. This demonstrates the potential for groundbreaking 
results within oil recovery via these synthetic novel chemicals. 
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Overview of fluid flow transport 


Main parameters affecting EOR 


In general, the main factors affecting successful enhanced oil recovery 
(EOR) projects are: 


e mobility ratio, 
e fluid viscosity, 
e salinity, 

° pH, 

e rock porosity, 
e permeability, 
e rock lithology, 
e injected fluid, 
¢ temperature. 


This section reviews the affect of microscopic and macroscopic 
displacement efficiency in the performance of oil recovery. In microscopic 
fluid displacement, maximum oil recovery is obtained when the mobility 
ratio between displaced and displacing fluid is less than 1. For macroscopic 
displacement, the key factor is the mobility ratio between injected fluid and 
oil. The factors determining this depend on the type of EOR implemented. 
It is important to note that optimal oil sweeping directly relates to miscible 
or immiscible injection in the reservoirs. For instance, higher water 
flooding leads to changes in capillary pressure and interfacial tension 
between fluids and consequently leads to lower relative wettability in the 
long term. 


Mobility ratio 


Mobility ratio is one of the main parameters in microscopic oil 
displacement. Mobility ratio is the difference in displacement on rock 
surfaces between injected fluid and oil as defined by [link], where A; and A, 
are fluid mobility, Kr; and Kr, are the relative permeability, and pj; and Ll, 
are the fluid viscosity, of the injected fluid (i) and oil (0), respectively. 


Maximum oil displacement will be obtained by mobility ratio less than or 
equal to 1. 
Equation: 


M-— MX = Kri/ wi = Kr }j.[Mo 
= Xo = Kro/ Mo = Kro. py; 


Fluid viscosity 


Suitable fluid viscosity is one of the main factors in successful EOR 
flooding. Unfavourable fluid mixing leads to changes in the value of 
macroscopic oil sweep efficiency. Therefore, proper control of flooding is 
associated with preventing viscous fingering. Viscous fingering occurs at a 
gas—oil interface when a less viscous fluid such as gas displaces a high 
viscous fluid like water (see [link]). As a result of this hydrodynamic 
instability at low Reynolds numbers, viscous fingering will be enhanced. 
Therefore, viscosity differences between gas-liquid are due to huge amounts 
of trapped oil in pore-throat (increasing mobility ratio and residual oil). 
Moreover, when the water breakthrough occurred by fluid viscous 
fingering, the water tends to push out more than oil, causing the least 
resistance in oil pathways. Fingering effect and gravitational segregation are 
the main reasons behind poor macroscopic sweep efficiencies. Early gas 
breakthrough often occurs in gas injection specifically by CO>. 


A numerical simulation of viscous fingering 
seen when low-viscosity gas displaces 
higher viscosity oil. The viscosity ratio in 
this simulation is 10. Flow is from left to 
right. Reproduced with permission from A. 
Muggeridge, A. Cockin, K. Webb, H. 
Frampton, I. Collins, T. Moulds, and P. 
Salino, Phil. Trans. R. Soc. A, 2014, 372, 
20120320. Copyright: The Authors. 
Published by the Royal Society (2014). 


[link] exemplifies the process of oil trapping based on water-wet systems 
through porous media. As can be seen, the pores are saturated with oil, after 
which, water flooding begins (capillary effects) resulting in a thick water 
film and finally, upon completing these stages, the water films join and oil 
continuity is lost, i.e., interfacial tension (IFT) reduction. 
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Schematic representation of the process of oil trapping 
based on water-wet systems through porous media. (a) 


At discovery the sand grains are coated with a thin water 
film and the pores are filled with oil; (b) as water 
flooding progresses the water films become thicker until 
(c) the water films join and oil continuity is lost. 
Reproduced with permission from A. Muggeridge, A. 
Cockin, K. Webb, H. Frampton, I. Collins, T. Moulds, 
and P. Salino, Phil. Trans. R. Soc. A, 2014, 372, 
20120320. Copyright: The Authors. Published by the 
Royal Society (2014). 


Groundwater chemistry and rock properties 


Groundwater in a rock formation is one of the most important parameters to 
improve the oil liberation on the host rock. The rock formation mostly 
composed of silica, carbonate and clay minerals with a variety of salts. 
Experimental studies have shown the importance of strong adhesion 
interactions such as the van der Waals for detachment of oil on the rock 
formation. It is expected that strong affinities at the oil-rock interface would 
decrease by manipulating water flooding with optimum brine (low salinity 
water injection) in the presence and absence of nanoparticle, polymer and 
surfactant. Their flooding leads to significantly changing in the chemistry of 
water and rock formation. They can be used as a promising EOR technique 
for light to mature hydrocarbon reservoirs where the oil production declined 
by the physicochemical interactions between solid-liquid and liquid-liquid 
and improve oil recovery by 5-25%. 


Formation water mainly contains monovalent and divalent cations such as 
Na*, K*, Ca**, Mg?*, Cl", SO4*, NO”. According to double layer 
expansion (DLE) and multi-component ion exchange (MIE) theory, these 
ions have a central role in a successful EOR method. Because they have a 
dominant effect on rock wettability alteration and lead to chemical 
aggregation and consequently pore plugging through the pores. The cation 
exchange capacity on the rock is considered as one of the main equilibria 
between water-oil at reservoir rocks as it fluid injected, has recognized new 
equilibria with the formation. Typical divalent cations such as Mg?* and 


Ca** in the reservoir can provide strong adsorption after fluid injection on 
rock surfaces due to multicomponent ion exchange (MIE) theory. 
Multivalent cations at sand surfaces can be bonded to heavy oil polar 
components and formed organometallic complexes and hence the oil-wet 
condition of the rock surface. 


The ideal water chemistry design should retain ion repulsive forces across 
the oil-sand interface because the kinetics of these forces can attribute the 
increase in adsorption of ions such as Na* and Ca** on sand surfaces. One 
of the most common surfactants, which have been utilized in water 
chemistry alteration is sodium dodecyl sulfate (SDS, [link]) that can 
mitigate adhesion force between fluid-rock interactions, and decrease in 
solid hydrophobicity. In point of fact, since there is a polar component with 
electrolyte concentrations (mono- or di-valent), lead to making the 
remarkable oil-wet condition of the surface of rock reservoir. 
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The structure of sodium dodecyl 
sulfate (SDS). 


Analysis of wettability alteration and interfacial tension 


Wettability alteration has a major role in the location, flow, control and oil 
Sweeping into porous media, and is strongly depended on geochemistry 
interactions between oil/water/brine, and geological host solids (clay, sand, 
rock). The wetting phenomenon may be divided into the following 
categories based upon the measured contact angle: 


e hydrophilic (water-wet) = 0-30°, 
e hydrophobic (oil-wet) = 150-180°, 


e bi-wettable ~ 90°. 


Relative permeability (rel-perm) and core flooding experiments can be used 
as qualitative methods. Contact angle and IFT measurements (adhesive and 
cohesive forces) are common strategies to fully explore wetting degree by a 
force balance on solid-fluid and fluid-fluid interfaces ({Llink]). IFT is 
described as the tendency of molecule adsorption at the surface by making a 
contact boundary, which refers to Gibbs-free energy equation. Gibbs 
equation studies suggested that IFT measurements based on the pendant 
drop, spinning drop, or sessile drop in the presence of fluids. These IFT 
measurements are responsible for enhancing oil liberation from the rock 
surface. Obviously, IFT among salinity, pH, acidic number, asphaltenes 
resin fractions, viscosity, and HPHT condition are the main factors to 
change the surface wettability. 
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Summary of wetting in relation to experimental contact angle. 


Spontaneous imbibition method is the most common method for measuring 
the wettability of a core-plug. Assessing core plug using imbibition method 
extremely depends upon the fluid viscosities, temperature, salinity, relative 
permeability, and initial core saturation ([link]). 
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Wetting behaviour of two systems at the interfaces: 
(a) solid/water/air, and (b) solid/oil/water system. 
The contact angle is defined as an angle obtained 

by the Young equation when a droplet meets a 
solid substrate. Reproduced with permission from 
L. He, X. Li, G. Wu, F. Lin, and H. Sui, Energy 
Fuels, 2013, 27, 4677. Copyright: American 
Chemical Society (2013). 


Through numerous experimental tests, the rock’s wettability can be 
modified by a thermal process or chemical additives such as saline injection 
and cation exchange, surfactants, nanoparticles, and polymers. Furthermore, 
physical properties such as fluid distribution, capillary pressure (P,), and 
relative permeability (Kr,) can be utilized to evaluate wettability alteration. 
Carboxylic groups (R-CO>H) in heavy and extra-heavy oils provide one of 
the most important acid-base interactions on the rock surfaces in carbonate 
reservoirs. Carboxylic interactions are a general approach to generating 
strong adsorption between rock-fluid. 


A method for heavy oil liberation at the glass surface by kerosene and fatty 
acid methyl ester (FAME) has been explored, and found to be due to more 
bitumen liberation for both additives. Interestingly, the increase of the salt 
concentration in the fluid phase exhibits a decrease in oil-water IFT and 
viscosity reduction. There have been several reports of sand wettability that 
have detrimental role based on composition. In the case of the carbonated 
reservoir, these minerals are mainly contained feldspar, sand, calcite, 
magnesite, clay, and dolomite. Various factors are present on rock 
wettability which usually acts based on solid composition (crystal structure, 
surface heterogeneity and roughness), mineral size (from 1 mm to meters), 
fine particles in the presence of oil component and HPHT condition. For 
example, clays, sulfate, and polyvalent carbonates have been discovered in 
Athabasca oil formations. Subsequently, the way was in order to find 
particle-oil separation. Triton ([{link]) as a non-ionic surfactant was used to 
identify main minerals such as phyllosilicates, including: calcite (CaCO3), 
kaolinite [AlySi,05(OH),], and muscovite [KAI (AISi3019)(F,OH)>], as 
well as corundum (Al,O3) and halloysite [Al»Si70;(OH)ag]. 


The structure of Triton X-100 
nonionic surfactant. 


Researchers have also found that the presence of TiOz and ZrO», which are 
loaded into rocks as a proper agent in heavy oil liberation, and iron mineral 
forms and negative results on oil adsorption on the rock and higher affinity 
to make a heavy oil component such as resin and asphaltenes. The polar 
(hydrogen bonds) and non-polar components of resin (0.4 - 5.1% asphalt 


contents) and asphaltenes (heavy amount of V, Cu, Fe, and Ni) making oil- 
wet system with strong affinity for solid surfaces. The polar parts of resin 
molecules (aliphatic chains, aromatic hydrocarbon rings, and heteroatoms) 
allow them to be due to high water affinity on resin’s functional groups 
(benzothiophene, ester, hydroxyl and carboxyl, thiophene, pyrrole N-H, 
carbonyl, dibenzothiophene), and thus, naphthenic and sulfonic acids (less 
than 3 wt%) as main parts of natural surfactants in resin fractions. 


Impact of EOR processes on rock mechanisms (porosity, 
permeability) 


Considering the geochemical effects before and after injection make a 
remarkable improvement in the EOR process. Main parameters such as rock 
permeability, porosity, stress/strain changes (hydrostatic, uniaxial, and 
triaxial), and pore pressure through the pore-throats are the main 
geomechanical harbour nearly resulted in maximize recovery. Geochemical 
parameters and physicochemical reactions might take disadvantage, 
including disproportionate permeability reduction (DPR), fracturing, and 
blockage in the pore throat during the corrupted flooding. For example, 
based on the natural impurity in solids, pore plugging and scaling can occur 
simultaneously during polymer flooding. Polymer flooding represents the 
ultimate oil recovery that is the whole interaction compatibility in rock- 
fluids. However, in most cases, performing an injection rate in the polymer 
will shift the stress changes in reservoir formation, and polymers are unable 
to tune their distribution by pore pressure; especially in unconsolidated 
sand. Therefore, it caused damage (shear failure) by increasing the oil 
viscosity and oil residual/resistance parameters. Furthermore, the high 
mobility of polymer can be undertaking negative fracking effects in pore- 
throats and pore pathways, which are pressurized by geomechanical factors 
such as subsidence, compaction, stress, and strain. This behaviour will 
especially occur for low permeability formation (shale and tight) or thick 
reservoirs. In this case, we lose much of the pores through the fractures by 
polymer diffusion and the presence of stress forces in the rocks. Moreover, 
high viscous flow in polymer flooding may be caused negative effects such 
as DPR, and thus, rock expansion and increasing in rock stress such as 
rock/formation failure. 


In principle, any changes in fluid composition probably caused various 
stress behaviour in the rock reservoir. Thermal methods are faced with 
inter-well shear fractures as well. These perturbation parameters are 
different by rock/formation expansion, and fluids behaviour in the presence 
of stress and pore pressure profiles. Furthermore, in most documented cases 
for gas injection (especially CO>, and miscible gasses), geotechnical 
parameters are the main stresses forces in rock. For instance, after CO» 
injection, chemical dissolution between gas and fluids caused bicarbonate 
ion (HCO3°) production. Bicarbonate has a weak acid interaction with 
dissolves calcite (CaCO3), dolomite (CaMg(CO3)>), and anhydrite (CaSO,). 
This conventional dissolution tends to change the rock permeability and 
caused instability and CO, breakthrough as negative effects. Understanding 
how this weakening interactions and stresses occurs between the fluid and 
the rock is complicated; however, the most important factors to solving this 
problem are considering the minerals types, fluid interactions, and fluid rate 
distribution. 
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Surfactant enhanced oil recovery 


Introduction 


Surfactants are amphiphilic organic molecules which are widely used in 
many practical applications such as cosmetics, biological systems and 
petroleum processing. Increasing the flow rate of trapped oil in a reservoir 
lies at the centre of all EOR methods. Surfactant is an efficient chemical to 
use when a very high oil recovery. Leading surfactants currently in the oil 
reservoirs include cationic, anionic, non-ionic, bio-surfactant, and 
zwitterionic ([link]). However, there are certain drawbacks associated with 
the use of surfactant through the oil reservoirs. These main drawbacks lie 
with the chemical interactions between the fluids and rock. In this chapter, 
criteria for choosing the best surfactants in the oil recovery process are 
considered. 


In an amphiphilic structure there are Nonionic Surfactants 


groups with opposite properties, one 
group that has affinity to water and a (CH3CH,***CH,CH, 


group that has affinity to lipids. 
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Molecular structure and classification of various 
surfactant molecules. Reproduced with permission from 
Y. Nakama, Cosm. Sci. Tech., 2017, 15, 231-244. 


Copyright: The Authors. Published by the Elsevier 
(2017). 


Surfactant classification 


What makes an exceptional changes at the surface/interface? 


In Greek amphi means “from both sides” and phile expresses “affinity”. 
Therefore, an amphiphilic compound depicts a double affinity of a chemical 
which has polar-apolar duality. A typical surfactant molecule includes a 
polar head and a non-polar tail. The main polar head groups are alcohol, 
acid, ester, phosphate, thiol, ether, sulfate, sulfonate, amine, and amide and 
a surfactant tail is an array of hydrocarbon chain including alkyl, 
alkylbenzene, a halogen atom, or sometimes with nonionized oxygen 
atoms. The polar part shows a high affinity for polar solvents such as water 
(hydrophilic) and an apolar part which displays a strong affinity to less 
polar solvents (hydrophobic or lipophilic) ({link]). As a result of its dual 
affinity, the surfactant molecule is inefficient in any polar or non-polar 
solvent. Therefore, the reason that surfactant molecules tends to migrate to 
the surface/interface is due to the orientation of the polar head group in 
solvents such as water and the apolar group in oil. As a result of the new 
arrangement of surfactants at the interfaces, the surface tension decreases. 
Reducing surface tension using surfactant is the basis of its applicability in 
detergent, wetting agent, soap, foaming agent, corrosion inhibitor, and 
antistatic agent. Surfactants are mainly categorized into three particular 
groups according to the charge of the head group: anionic, nonionic, and 
cationic ({link]). 


Anionic surfactants are often considered as “the common” class of 
applicable amphiphiles (50% of total surfactant production). They are 
mainly synthesized from a number of amphiphilic anions and alkaline metal 
(Na+, K+) or quaternary ammonium. The anion in the head group can be 
changed for an array of negatively charged substances, creating wetting 
agents (di-alkyl sulfosuccinates), foaming agent (lauryl sulfates), detergent 
(alkylbenzene sulfonates), soaps(fatty acids), dispersants 
(lignosulfonates)and so on. Anionic surfactants are used frequently through 


the oil wells as a wetting agent to lift and suspend oil droplets in micelles. 
({link]). In sandstone reservoirs, using anionic surfactant has been 
recognized as a cost-effective chemical with lower micelle adsorption. 
Various types of amphiphilic head groups such as sulfonate (R-SO3-), 
phosphate (R-O-[PO,]3-), sulfate (R-O-SO3-), and carboxylate (R-CO>-) 
can be used in EOR process. The sulfonate group has been displayed to 
enhance the thermal stability of the surfactant at reservoir temperature (60 - 
200 °C), as well as reducing the interfacial tension (IFT), altering the rock 
wettability, and having a lower tendency to adsorb on the surface of 
sandstone reservoirs. In contrast, phosphate and sulfated groups have been 
shown to give low IFTs and have better performance at lower temperatures, 
while carboxylated groups have been developed to improve the surfactant 
stability at high temperatures and high salinity. 


Cationic surfactants are composed of an amphiphilic cation and anions such 
as halogen elements (e.g., Cl, Br). A major portion of the cationic head 
group is nitrogen compounds like fatty amine salts and quaternary 
ammoniums, while often one or more long chains of the alkyls are available 
as a tail. However, the synthesizing of anionic are much more cost-effective 
than cationic surfactants due to the high-pressure hydrogenation reaction 
which occurs during the synthesis. Various literature proposes the use of 
cationic surfactant as a good candidate in order to get obtain higher oil 
recoveries in a carbonated reservoir. The main reasons for using cationic 
surfactants in a carbonated reservoir are their higher stability, lower 
chemical interaction with rock substrate, and higher thermal stability (up to 
100 C). A nonionic surfactant is formed during the polycondensation 
reaction of a polyethene glycol chain with the hydrophilic group such as 
alcohol, phenol, ether, ester, or amide. Once in contact with an aqueous 
solution, it does not ionize due to its hydrophilic group which is a 
nondissociable group. The most commonly used nonionic surfactants in the 
market are sugar-based (glucoside) head groups with very low toxicity. 
Designing nonionic surfactants with the ethoxy group and Poly 
(Ethylene/Propylene) glycol ether makes them highly stabilized and 
thermally stable in high salinity, respectively. A zwitterionic or amphoteric 
molecule is a single surfactant molecule which holds simultaneously both 
anionic and cationic charges on its hydrophilic head group and carries a 
hydrophobic tail. The main properties of these structures are their low 


toxicity, high stability in hard water, antibacterial properties, and high 
compatibility with different types of surfactants. 
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Applicable surfactant in the oilfields. 


What makes an exceptional oil displacement? 


Typically, the residual oil saturation will be within a range of 20-30% 
OOIP upon contacting 100% of the given oil zone via water flooding. The 
oil is immobile at in this saturation range due to the surface tension between 
oil and water. Also, the additional pressure alone cannot overcome the high 
capillary pressure in order to move oil out from pores. In general, surfactant 
leads to changes in the boundary condition of the interfaces. In general, 
surfactants have the lowest surface tension between surface and interfaces, 
amongst other materials. ({link]) However, the surfactants can reduce the 


interfacial tension, thereby decreasing capillary pressure and allowing water 
to remove the trapped oil as a result of the water bypass. Furthermore, a 
surfactant can encourage the wettability of the reservoir as well as causing 
the attached oil film to lift away from the pore wall, thus decreasing 
residual oil saturation and enhancing oil recovery ((link]). 
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Decreasing and increasing interfacial tension (IFT). 
Synthesis and physiochemical characterization of 
zwitterionic surfactant for application in enhanced oil 
recovery. Adopted with permission from A. Kumar and 
A. Mandal, J. Mol. Lig., 2017, 243, 61. Copyright: 
Elsevier (2017). 


General principles of a surfactant molecule are decreasing IFT and 
changing the wetting properties of a substrate ([link]) and shifting reservoir 
wettability towards strongly water-wets ([link]). However, without knowing 
the reservoir conditions such as pressure, temperature, salinity, and rock 
geology, the reservoir will face unfavourable chemical reactions and 
blockages of pores. 


Surfactant 


Surfactant eo | 
Solution a Solution 


Proposed schematic of wettability alteration with (a) a non-ionic 
nonylphenol ethoxylate (C15H23(O0CH2CH2)n) surfactant and (b) a 
cationic Cetyltrimethylammonium bromide (CTAB,C19H42BrN) 
surfactant. Reproduced with permission from A. Telmadarreie and J. 
J. Trivedi, SPE J., 2016, 21, 5. Copyright: The Authors. Published by 
the Society of Petroleum Engineers (2016). 


Asphaltene is recognized as the ‘cholesterol’ of crude oil within oil 
reservoirs. This supramolecular hydrocarbon component of crude oil 
comprises of polycyclic aromatic hydrocarbon (PAH) and acidic 
compounds. Currently, many reservoirs across the world are highly viscous 
and the presence of asphaltene is leading to a high deposition of oil droplets 
on the rock surface and causing a significant decrease in the reservoir fluid 
pressure. In order to alleviate asphaltene aggregation, surfactant molecules 
can be added to increase its solubility. [link] The hyperbranched chains on 
the tail of low surface energy surfactants (LSES) causes a lowering of 
surface free energy and rock wettability alteration, offering significant 
improvement in oil recovery in asphaltene oil reservoirs. Kiani et al. 
reported adding hyperbranched LSES yielded a significant increase in the 
original-oil-in-place (OOIP) recovery (58%) relative to brine flooding 
(25%), even in the presence of asphaltene. 
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Wettability alteration in heavy oil reservoirs. 
Proposed interactions between rock, asphaltene, 
and surfactant molecules. Reproduced with 
permission from F. Hajibagheri, M. 
Lashkarbolooki, S. Ayatollahi, and A. Hashemi, 
Colloid. Surf. A: Phys. Eng. Asp. , 2017, 513, 422. 
Copyright: The Authors. Published by Elsevier 
(2017). 


Main factors in a successful surfactant flooding: IFT 


The term IFT is typically associated with the molecular forces that exist at 
the interface between two immiscible fluids. The binding energy of two 

immiscible fluids are largely changed by the addition of surfactant leading 
to a decrease in the IFT value ({link]). Besides, decreasing IFT leads to an 


increase in capillary forces amongst the pore spaces and causes significant 
oil recovery. 


Main factors in a successful surfactant flooding: IFT 


The term IFT is typically associated with the molecular forces that exist at 
the interface between two immiscible fluids. The binding energy of two 
immiscible fluids are largely changed by the addition of surfactant leading 
to a decrease in the IFT value ({link]). Besides, decreasing IFT leads to an 
increase in capillary forces amongst the pore spaces and causes significant 
oil recovery. 


Temperature 


Surfactant molecules are temperature-based compounds which, affects their 
performance in various applications. Both critical micelle concentration 
(CMC) and IFT are changed by temperature. Hydrophilic-lipophilic balance 
(HLB), cloud point, and Krafft point are three common indicators used 
when designing a surfactant in a particular application such as EOR. 
Hydrophilic-lipophilic balance (HLB) is the balance between the 
hydrophilic and the lipophilic group's capacity. According to the HLB scale 
range (0-20) surfactants can be used in various applications such as W/O 
emulsion (3.5-6) ({link]). 
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HLB scale range for choosing proper 
surfactant in different applications. 
Reproduced with permission from Y. 
Nakama, Cosm. Sci. Tech., 2017, 15, 
231-244. Copyright: The Authors. 
Published by the Elsevier (2017). 


Cloud point 


The temperature that surfactant separation occurs in within the solution is 
called cloud point. Cloud point is an index to measure the solubility amount 
of a surfactant. ({link]) Understanding the cloud point of each surfactant 
plays a critical role in preventing molecule aggregation. 
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polyoxyethylene surfactants. Reproduced with 
permission from Y. Nakama, Cosm. Sci. Tech., 2017, 15, 


231-244. Copyright: The Authors. Published by the 
Elsevier (2017). 


Krafft point 


The Krafft point is defined as the point at which surfactant reaches its 
highest solubility in water. The surfactant solution at a lower Krafft point 
would form a bilayer structure of hydrated solid and in higher Krafft point, 
form micelles. Molecular structures of surfactants have the main effect in 
the precise determination of the Krafft point ([link]). 
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Brine effect on surfactant 


The solubilization potential of amphiphilic substances follows their 
structure, inorganic salts, and temperature. Typically, the maximum 
surfactant solubilization is obtained by long hydrophobic groups. However, 
surfactants are highly sensitive to the addition of salt and it suppresses the 
electrostatic repulsive forces between the hydrophilic head groups. 


Ideal surfactant 


Many efforts have been made in order to create the ideal surfactant system 
with high synergistic properties to effectively push oil out. However, using 
a particular surfactant in field-scale is not an effective solution to heal oil 
transport through the pore space and it should be used via alternative 
chemicals such as polymers and alkaline. A successful surfactant should 
ideally be highly salt, tolerant, possess high thermal stability, polymer 
compatibility, and be cost-effective for the EOR process. 


Branched surfactants 


Oil displacement by branched surfactant has proven to be a potential 
remedy to the difficulties in oil sweeping and fluid flow viscous fingering. 
For example, a branched Cj¢_,7 propoxy sulfate has been shown to be stable 
in high-pressure high temperature (HPHT), resulting in more than 90% oil 
recovery. Despite this result, two major problems still remain in surfactant 
flooding: expense and environmental impact. 


Foam EOR scenario 


Foam flooding 


Fluid displacement is “hard” geological work, where more than 60% of oil 
remains unproduced due to the unfortunate decline in natural forces and 
pressure. Enhancing oil displacement with chemicals, especially foam, 


where the appropriate surfactant is selected, is shown to be a potential 
solution in addressing these problems. Foam is the dispersion of a high 
volume of gas (99 wt.%, N>, COs, and air) into a small volume of liquid (1 
wt.%). Gas purging and entrapment within surfactant solution leads to 
adsorption of surfactant molecules into the gas-liquid interface. As a result, 
this generates a continuous foam bubble with a thin-stable liquid/gas 
interface called lamellae. The effectiveness of foam in porous media is far 
greater than water and gas. This leads to reduced gas relative permeability 
by bubble trapping and causes an increase in the gas viscosity which 
provides stable and robust foam ([link]). Furthermore, foam can potentially 
help to improve oil sweep efficiency and reduce gas mobility by forcing 
more gas from a small to a highly penetrable area. [link] provides a 
comparison between continuous gas, water-alternate-gas, and foam=assisted 
WAG injection in the oil reservoirs. 
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Comparsion of the gas, water alternate gas (WAG), and 
foam assisted WAG flooding across the oilfield. 
Reproduced with permission from M. Sagir, M. 

Mushtaq, M. S. Tahir, M. B. Tahir, N. Abbas, and M. 
Pervaiz, CO» Capture, Storage, and Enhanced Oil 
Recovery Applications, 2018, 3, 52-58. Copyright: The 
Authors. Published by Elsevier (2018). 


Foam stability 


Stability is one of the most important characteristics of foam. Foam 
coalescence occurred occurs via three different mechanisms. The first being 
liquid drainage as a result of gravity force, the second is coarsening of foam 
caused by gas diffusion among bubbles which generates differing capillary 
pressures (lamellae film getting thinner), and lastly, the bubble coalescence 
occurs through gas diffusion from smaller bubbles with high pressure to 
larger bubbles with low pressure amid neighbouring bubbles. This leads to 
reduced foam numbers by gravity and capillary forces and causes breakage 
in lamellae to plateau border and merging of the two smaller bubbles, 
forming a larger bubble. The rate of liquid drainage and critical film 
thickness is dependent on the surfactant charge-concentration, surface- 
liquid viscosity, and surface elasticity. 


Impact of oil in foam stability 


Oil has also been shown to have a detrimental effect on foam stability. 
Various studies have shown the difficulty in generating foam and obtaining 
stability in the presence of different types of oil. However, this is a highly 
contradictory subject in terms of the results obtained by various researchers. 
It has been demonstrated that the use of light oil causes the collapse of foam 
formation and generation. Other researchers believe stable foam in medium 
and heavy oil is a result of using the proper surfactant. It has been 
demonstrated previously that the use of light oil alkene chain hydrocarbons 
causes a drastic decrease in the half-time stability of a single foam bubble, 
this demonstrates the direct relationship between oil type and foam stability. 
Clearly, the same approach for long-term pseudostabilized foam film can be 
observed with inherent physicochemical interactions of surfactant in foam- 
oil interfaces. The underlying process for these interactions amongst oil- 
bubble can be described in three steps. The first being access of oil to the 


interface, then spreading on the interface, and finally creating an unstable 
bridge across the lamellae-thin film. 


Surfactant impact on foam generation 


Surfactant has a key role in stabilizing foam. The presence of surfactant 
creates a new layer on the fluid-fluid and solid-fluid interfaces via new 
chemical interactions such as van der Waals, mt-71, electrostatic, steric, acid- 
base, etc. Therefore, enhancing surfactant diffusion on the interfaces is 
shown to facilitate oil separation (decreasing IFT) thus reducing the 
capillary pressure forces (Pc). However, as a result of large surface areas, 
their efficiency is inadequate due to foam instability and coalescence of 
bubbles in oil (seminal problems). Therefore, researchers’ efforts have been 
focused on generating a thermodynamically high stable foam using 
surfactants, nanoparticles, and polymers in an effort to improve oil 
displacement with stabilized foam. Based on these results, most foam 
stability is controlled by surface tension, IFT, viscoelastic behaviour, 
composition and various types of chemicals, namely surfactants. However, 
regarding abovementioned analyses, further studies are needed to obtain a 
full understanding of monomer arrangements and their structures within a 
solution. This provides clear evidence that the surfactant formation, creates 
a strong thin film around bubbles in the foam. Clearly, small-angle neutron 
analysis (SANS) can distinguish between aggregation and formation of 
surfactant in order to see the potential formation of a thin film. Figure 9 
shows the comparison of CO) EOR and CO>-foam flooding. Foam leads to 
decrease CO, gas fingering across the oilfield ({link]). 


CO2 EOR CO2-Foam EOR 
Injector Producer Injector Producer 
§ 1 
1 


Unswept oil Unswept oil 


Foam diverts COs from high perm zones 


Injector Injector 


Producer 
t 


Producer 


Unswept oil 
Unswept oil 


Water 


Foam blocks upward movement of CO» 


Comparision of the gas and foam flooding. Foam 
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oilfield. (Patil et al.) Reproduced with permission 
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Tahir, N. Abbas, and M. Pervaiz, CO2 Capture, 
Storage, and Enhanced Oil Recovery Applications, 
Encyclopedia of Renewable and Sustainable 
Materials, 3, 52-58. Copyright: The Authors. 
Published by Elsevier (2018). 


Surface and interfacial tension (IFT) effect on foam stability 


It is generally believed that optimum surface and interfacial tension values 
have a positive effect on foam stability. It seems there is a direct link 
between the charges on the head of surfactants and foam generation- 


stabilization. This provides an effective thin film around the bubble. In this 
case, selecting a good surfactant results in homogenous stretching forces in 
a thin film. This increases foam stabilization by reducing the local surface 
tensions (Gibbs energy) amongst bubbles. It is generally believed that 
optimum surface and interfacial tension values have a positive effect on 
foam stability. Over the past decade, different viscoelastic surfactants 
(VES) were synthesized and developed to increase the viscosity of 
solutions, as well as control the rheological properties in different industrial 
applications e.g., drilling fluid, hydraulic fracturing, and EOR methods. 


Surfactant type and size 


Additionally, surfactant size needs further investigation in order to observe 
the stability and aggregations to generate a homogenous foam displacement 
system. Using this information, we can see how surfactants size and 
stabilities can have a significant effect on foam displacement, a piston-like 
effect, even. The composition and charges of surfactant in foam are 
intended to make a homogenous foam front. This greatly affects the 
adsorption of monomer layers between bubble, surfactant, and oil. Thus, 
creating higher external fluid displacement. In addition to this, it is 
observed that the type of surfactant used i.e., the charge and composition, 
can have an effect on foam systems, in that it creates a weak or strong 
interaction. 


Marangoni flow and bubble coalscence 


Surfactant molecules create bulk film layers of the monomers at interfaces 
that make it resistant to the extension. However, this cannot distribute 
homogeneously over entire foam bubble surfaces. This is due to insufficient 
monomer around the foam bubble, resulting in local resistance to extension. 
This generates a flow against local surface forces and toward the depleted 
areas (this took place after stretching) called Marangoni flow. In the foam 
systems, Marangoni flow relates to surface elasticity within foam solutions. 
In the foam systems, surface elasticity has a dominating effect leading to a 


decrease in the stability of thin liquid films. By selecting a good viscoelastic 
surfactant, bubble coalescence (film rupture) by Ostwald ripening can be 
rendered at low elasticity. Furthermore, there is a relationship between 
surfactant solution, its concentration, and foam generation with both 
viscosity and shear stress factors in bulk solution. 


drainage 


bubble 


Schematic of Marangoni-effect between two 
bubbles in a foam. Reproduced with permission 
from M. Mellema, J. Benjamins, Colloid Surf. A: 
Physicochem. Eng. Asp.,237, 113-118. Copyright: 
The Authors. Published by Elsevier (2004). 
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Polymer enhanced oil recovery 


Introduction 


The production of heavy oil using a polymer is highly plausible process in fossil reserves. For an economical EOR 
method, polymers that are sufficiently stable, cost-effective, and able to increase displacing fluid rheology are 
required. In this chapter, we show that different types of polymers can change the displaced oil mobility by 
increasing the viscosity of displacing fluid. representing the optimum polymer properties and the main factor in 
successful flooding in oil reserves. 


Polymer flooding 


What is polymer? 


A polymer is a large molecule structure composed of many smaller repeating chemical subunits, known as 
monomers. In Greek poly means “many” and mer is “unit”. They are categorized into two groups of natural and 
synthetic polymers. The first being synthetic, such as hydrolyzed polyacrylamide (HPAM, [link]), the most 
frequently used polymer in reservoirs, and the second is a biopolymer, which consists of biomaterials such as non- 
ionic xanthan gum ([link]). Over 80% of real polymer floodings used HPAM. The main advantage of HPAM is its 
cost-effectiveness, good adsorption on the rock substrate, and high fluid viscosity in the reservoirs. Furthermore, 
they can be classified into two groups based on their thermal response properties, thermoplastic and thermosetting 
polymers. Thermoviscosifying polymers (TVPs) are a class of novel synthetic polymers which stabilize at high 
temperatures and high salinity. Compared to other water-soluble polymers, TVPs create better fluid viscosity and 
elastic modulus at high temperatures. Therefore, they are useful chemicals to be used in the reserves. For example, 
polyacrylamide, as a TVP, can be stabilized at higher temperatures within electrolyte solutions via the sulphation 
method. 
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The chemical structure of Xanthan gum. 


What a polymer solution does in the pore spaces? 


The addition of polymer to fluid solution leads to enhanced fluid viscosity. By increasing the viscosity of 
displacing fluid, rock permeability reduces, and fluid mobility can be better controlled. Designing polymers with 
optimum molecular weight is a critical factor in achieving successful oil recovery, for if they are too large in size, 
they block the pores. For instance, the experiments have generally shown pore plugging will occur when the size 
of the polymer exceeds one-fifth of the pore throat size in the oil formation. Very few numbers of solubilizing 
polymers can be used in the reservoirs, which significantly affects both sweep efficiency and the mobility ratio. 


An optimal composition 


A suitable polymer in a harsh environment has two remarkable properties: (a) good viscosity with minimal 
adsorption on the rock substrate and (b) good thermal stability in contact with salt water at a higher temperature. 
During the past 50 years, various polymer structures have been developed as an EOR agent for oil recovery. 
([link]) However, the majority of polymers cannot be used in harsh environments due to their structural properties. 
First of all, the backbone (carbon chain) structure has a critical role in the thermal stability of polymers. Lacking - 
O- bonding in the backbone increases the success rate of polymer flooding. ({link]) Typically, the risk of thermal 
degradation (above 80 °C) is enormous when a -O- bond is in the backbone. For instance, sodium alginate, xanthan 
gum, carboxymethyl cellulose, and polyoxyethylene have shown lower thermal stability at high temperatures due 
to the presence of -O- bonding in their backbone. Secondly, the presence of negatively ionic hydrophilic groups 
leads to less adsorption of polymer on the rock surface. HPAM, polyvinyl, polyacrylamide and sodium 
polyacrylate are some examples of polymers with low thermal degradation and high stability. Good fluid viscosity 
with minimal adsorption on the substrate was observed after adding -COO in a hydrophilic group, however -COO 
group is mainly salt-dependent (divalent cations such as Mg** and Ca?*). To increase polymer stability, using -OH 
or -CONH) bondings in the hydrophilic group decreases repulsion forces amongst chain links even after the 
addition of divalent cations. Therefore, future synthesis should focus on optimizing polymers using -COO, -OH, 
and -CONH;j to improve the water viscosity and in turn, improve oil mobility in real reservoirs. 
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Polymer flooding across the wellbore. Reproduced with 
permission from A. M. Firozjaii and H. R. Saghafi, Petroleum, 
2019, DOI:10.1016/j.petlm.2019.09.003. 


[link] shows successful polymer flooding using different amounts of HPAM. The oil production rate grows with 
increasing HPAM concentration. However, the fact is that the oil recovery factor depends on many factors such as 
rock geology, permeability, salinity, and fluid viscosity. 
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Experimental polymer flooding in heavy oil reservoirs. Reproduced with permission from H. Saboorian-Jooybari, M 
and Z. Chen, J. Pet. Sci. Eng., 2016, 142, 85. Copyright: Elsevier (2016). 


Polymer versus water flooding 


Polymer flooding has three main benefits when compared to water flooding; 


1. creating a homogenous fluid displacement, 
2. lowers mobility ratio of water to oil, 
3. effective sweep divergence. 


On the other hand, when only water is injected into the reservoir, it surpasses the oil and leads to fluid viscous 
fingering. This phenomenon occurs when a fluid such as water with low viscosity diffuses faster than oil and 
consequently leads to remaining a large amount of oil throughout the pores and pore-throats. ([link] ) 


Rock Rock F Oil Oil 
‘igs ; aa Formation ; 
Oilfield porosity permeability temperature (°C) gravity recovery 
(%) (mD) P (API) (%) 
Court 
Bake 29 2100 30.8 17 30 
Lloydminster 32 2000 22.2 15 1-2 
Battrum 25 1300 37.2 16 6-9 
Buffalo 24 767 25 13 4.1 
Karamay 20 200 20 28.9 25 
Viking 29 300 26.1 21 27 
Provost 28 385 30 24 15 
Suffield 26 n/a 32 14.23 10 


Real waterflooding projects across the US. Reproduced with permission from H. Saboorian-Jooybari, M. Dejam, 
and Z. Chen, J. Pet. Sci. Eng., 2016, 142, 85. Copyright: Elsevier (2016). 


Eight successful polymer floodings across the world were reported and shown in Table 3. The maximum oil 
recovery and optimum polymer flooding (34%) were obtained in the Marmul oilfield, located in the southern part 
of Oman. The main reasons behind the high percentage of oil recovery in the Marmul oilfield are high rock 
permeability, high displaced (oil) viscosity, low saline formation water, and moderate reservoir oil which has 
resulted in sharp oil recovery. This polymer injection project was the first pilot polymer flooding test which was 
undertaken in the Middle East (1986). 


Oilfields Injected pore volume size (PV), bbl Oil recovery(%) 
Westcat canyon 2000 15-20 
Marmul 0.63 34 


Bohai bay 0.3 7.6 


Pelican lake 0.35 10-25 
East bodo n/a 0.9 
Mooney 0.54 12 
Suffield caen 0.6 10 
Steal 0.1 5-6 


Successful heavy oil polymer flooding across the US. Reproduced with permission from H. Saboorian-Jooybari, 
M. Dejam, and Z. Chen, J. Pet. Sci. Eng., 2016, 142, 85. Copyright: Elsevier (2016). 


A top-down understanding of successful polymer flooding has been illustrated in Figure 4. The steps of this 
process have been agreed by all EOR companies. As we can see, the control points are defined according to the 
rock geology, fluid properties, brine-polymer compatibility, and finally the selection of potential types of polymer 
in the lab. The pass criteria are determined by the economic analysis and field-test design of polymer flooding. 


Stage 1: Preliminary Screening 
* Gather basic reservoir description (rock 
and fluid properties) 


+ Risk-weighted economic analysis 

* Field test design 

Pass Criteria: Technical feasibility 
demonstrated; risk-weighted economic 
favorable 


Stage 3b: Field Pilot 

* Conduct field pilot; monitor technical / 
operational performance 

* Interpret pilot and improve reservoir 
description and simulation model 

+ Update economic analysis 

Pass Criteria: All technical milestones 
achieved, economics are favorable 


cc 


Preliminary 
Screening 


aoe 2a: Preliminary Analysis 
Preliminary laboratory screening 


+ Compare to analogous fields — (brine-polymer compatibility, rheology) 
+ Select potential polymer types * Develop initial, basic simulation 
Pass Criteria: Favorable comparison with + Screening economics (injectant 
general polymer flood screening criteria Pal sources, simulation results) 
1 | * Identification and analysis of key 
si 2b: Detailed Anal H uncertainties and economic implications 
sar tailed one =e Pass Criteria: Preliminary technical 
(corefloods, aging tests) investigations and economic uncertainty 
+ Finalize specific polymer choice assessment indicate strong potential 
* Improved reservoir description and 
detailed simulation models ie. 


> 


Stage 3a: Field Testing 

+ Test large-scale polymer mixing 

+ Perform injectivity test (sustained 
injection capacity, in situ polymer 
behavior) 

+ Assess pilot practicality; design pilot, 
including diagnostic measures 

Pass Criteria: Probability of technical and 
commercial success justifies pilot 


Stage 4: Commercial Application 
Develop commercial project and 
surveillance plan 

+ Implementation, Surveillance, and 
Operations 

+ Simulation updates to improve 
production operations 


Steps of a successful polymer flooding scenario across the oil 
reservoirs. Reproduced with permission from H. Saboorian-Jooybari, 
M. Dejam, and Z. Chen, J. Pet. Sci. Eng., 2016, 142, 85. Copyright: 


Elsevier (2016). 


Polymer-grafted nanoparticles (NPs) 


Polymer grafted nanoparticles (PG-NPs) or hairy NPs (HNPs) is an integrated molecule, made from joining layers 
of polymer chains covalently grafted on the NPs solid surface. This approach may be used in different EOR 
methods such as emulsification, gas/water/polymer flooding, and foam injection. The existing polymer has a 
profound effect on NPs stability in a harsh environment, which can result in higher stability in NPs via lower 
electrostatic forces between the polymer chains and high wettability alteration with lower adsorption on the rock, 
which is a suitable agent to sweep out trapped oil. NPs combination with surfactant is another useful approach 
similar to PG-NPs which results in higher stability of NPs within a solution. Some PG-NPs decrease the IFT 


values by order of magnitude from 25 to 1 mN/m. ([link]) For instance, grafting silica nanoparticles with 
polyacrylamide led to the higher viscosity and improving thermal stability in comparison with HPAM sharp under 
HTHS condition (salinity: 32868 mg/L, at 85°C). Earlier studies also confirmed grafted low chain polymer-NPs 
(0.1 wt.%) led to an increase in the system entropy and a decrease in its adsorptions on the rock in comparison 
with long-chain polymer-NPs. 


(c) 


Photographic images showing the contact angle of 
(a) oil/air/rock before treatment, (b) oil/air/rock 
after treatment with silica NPs, (c) water/air/rock 
before treatment, and (d) water/air/rock after 
treatment with silica NP. Reproduced with 
permission from A. J. Worthen, S. L. Bryant, C. 
Huh, and K. P. Johnston, AIChE J., 2013, 59, 
3490. Copyright: AICHE(2013). 


Some example of applicable polymers 


Several polymers such as biodegradable and synthetic polymers have been used based on a suitably functionalized 
series of biodegradable copolymer such as acrylamide ([link]a), acrylic acid ([link]b), konjac glucomannan 
((link]), and allyl polyoxyethylene ((link]) when mixed with brine solution, increase the viscosity of displacing 
fluid, reduce the relative permeability, and finally increase the oil sweep efficiency. They observed the proper 
viscoelasticity and shear resistance, high stability in harsh condition (6700 mg/L salt solution at 65 °C), and proper 
biodegradability (degradation rate > 60%). 
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The chemical structure of the water-soluble 
polysaccharide konjac glucomannan. 
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Structure of allyl 
polyoxyethylene. 


polyoxyethylenes ([link]), which are an ethylene glycol group made from various ethylene glycol units. 
Polyoxyethylenes are a unique emulsion stabilizer which can be used in saltwater over a long period. 
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Demulsifiction of W/O in oil reserves 


In the oilfields, emulsification of oil and water is a dilemma. Natural oil components include resin, asphaltenes, 
wax, and carboxylic acids which performs as a surfactant, also making the oil-water mixture stabilize. The best 
way to get rid of emulsification is by using demulsifiers to break the emulsion phase before their transportation in 
the pipeline and refining process. Chemical demulsifiers are amphiphilic compounds (both hydrophilic and 
hydrophobic groups), which have been widely utilized for IFT reduction and phase separation. Some polymeric 
surfactants are demulsifiers. They can adsorb at the oil-water interface and make a uniform oil front in the rock 
formation. Nonionic, cationic and anionic demulsifiers can be employed in the reserves. Nonionic emulsifiers have 
been reported for their high stability in the harsh environments. Ethylcellulose (EC, [link]), branched poly(ethylene 
oxide)—poly(propylene oxide) (PEO-PPO) block copolymers, branched PEO-PPO copolymer with hydrophilic 
segments (EO and OH), polyethyleneimine (PEI, [link]) with various ethylene oxide (EO)-propylene oxide (PO) 
unit, and polyamidoamine (PAMAM, [link]) are commercial demulsifiers to break water-in-diluted bitumen. 
Similarly to other demulsifiers, hyperbranched polyglycerol (HPG, [link]) derivate is designed as a demulsifier 
with an average oil droplet size of <2 um ((link]). 
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Structure of a generation 2 
poly(amidoamine) (PAMAM) dendrimer. 


Structure of 
hyperbranched 
polyglycerol (HPG). 


Schematic representation of the 
demulsification process: (a) O/W 
emulsion, (b) adding HPG-MA as a 
demulsifier, (c) aggregation and 
coalescence, and (d) separation. 
Reproduced with permission from L. 
Zhang, G. He, D. Ye, N. Zhan, Y. 
Guo, and W. Fang, Energy Fuels, 
2016, 30, 9939. 


Ethylene oxide-propylene oxide (EO-PO, [link]) compound is one of the main demulsifiers which causes an 
increase in the film-thinning rate and reduces the stability of film that forms in oil-water emulsions. EO- 
hydrophilic and -PO hydrophobic units generate an amphiphilic property in the emulsion and break the interfacial 
layer whose surface activity is superior to that of the highly polar component such as resin and asphaltenes. Other 
derivatives of EO/PO, such as polyoxyalkylated diethylene triamine EO/PO, PPO-PDMS-PPO blocks copolymer, 
and a-y-diamines of polyoxyethylene—polyoxypropylene—polyoxyethylene (POE-POP—POE) triblock copolymer, 
were also shown to be proper candidates for oil-water demulsification. 


Structure of 
ethylene oxide- 
propylene oxide 

(EO-PO). 
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Nanofluid enhanced oil recovery 


Introduction 


Nanoparticles (NPs) are a unique class of materials with a size range of 1-100 nanometer (nm). NPs are 
categorized according to their size, morphology, and chemical structures. Based on physicochemical 
properties, they are classified into metal, carbon-based, semiconductor, ceramic, lipid-based, quantum 
dots (QDs), and polymeric NPs. Among these well-known NPs, metal-based and ceramic NPs exhibited 
the best physicochemical performance in EOR methods. Their derivatives have gained considerable 
interest in enhanced oil recovery (EOR) due to their extraordinary mechanical, chemical, and physical 
properties, ever since the first utilization of surface-modified nanoparticles in the year 2002. This 
chapter comprehensively reviews the flooding of metal and non-metal nanoparticles as a novel chemical 
EOR technique to ender more than 50% unrecoverable trapped oil after pushing primary and secondary 
oil recoveries. Moreover, the emerging advances regarding the use of these materials on EOR methods 
to overcome strong chemical bonding between rock-fluid and fluid-fluid interfaces are summarized. 


Significant advancements of NPs in chemical EOR methods 


In the last 10 years, various nanoparticles (metal and non-metal oxide) in the form of nanofluids, 
nanocatalyst, and nanoemulsion have been proposed for increased oil sweep efficiencies. Their 
excellent properties such as particle size, shape, physiochemical stability, cost-effectiveness and eco- 
friendly processes have given fresh impetus to ongoing field-test applications for the future. In terms of 
nanoparticle application, they can be utilized as an emulsifier, catalyser, and an effective agent in fluid 
for various EOR methods such as water, foam, polymer, surfactant, and thermal flooding. (Guo et al., 
Son et al.) Without a doubt, state-of-the-art additives such as nanomaterials along with polymers, and 
surfactants are extremely useful in maximising oil recovery. (Kmetz et al., Zhang et al.) Therefore, 
compared to secondary and tertiary recoveries, applying engineered nanoparticles has several 
advantages when sweeping inaccessible oil in reserves. 


Their fascinating properties result in several key advantages in comparison to conventional EOR 
methods: 


1. They effectively reduce interfacial tension and improved contact angle while reducing interfacial 
tension, which can, for instance, provide excellent modification on rock wettability (oil-wet to 
water-wet); 

. easily spontaneous oil displacement by changing gravity drainage between pores, pore-throats; 

. increased sweep efficiency and a gravity reduction within the pores by diffusion mechanisms; 

. increase the mobility ratio by reducing the oil viscosity; 

. generating disjoint pressure for oil displacement through porous media. (Monfared et al.) 
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By considering the effect of NPs, we summarize the main effects on EOR flooding as demonstrated in 
recently published articles. 


An example of wettability alteration 


It has been reported that altering rock wettability can play a pivotal role in increasing oil production. 
Rock wettability alteration is a key strategy, consisting of controlling the relative permeability, residual 
oil distribution, and capillary pressure in pore and pore-throats. It has been stated that having a host rock 
with relatively water-wet and neutral-wet is the best situation in the oil reserves. Typically, polymer, 


surfactant, and alkaline-surfactant-polymer were designed within water flooding to improve 
spontaneous imbibition. 


It has been claimed in colloidal materials that adding NPs leads to significant changes in interfacial 
tension and surface tension at fluid-fluid and rock-fluid interfaces due to changes in the entropy of NPs 
([link]). For instance, the large quantities of NPs lead to a wedge-film structure at the fluid 
(oil)/solid(rock) interface due to the physicochemical interaction by the NPs ([link]). Therefore, 
focusing on the surface-interface mechanisms of NPs resulting in the successful design of an NPs- 
chemical EOR operation. 
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chematic of oil-solid interaction mechanism 
in the presence of nanofluids, generating a 

wedge film via the diffusion of nanoparticles 
between rock-fluid interface. Reproduced 

with permission from K.-L. Liu, K. 

Kondiparty, A. D. Nikolov, and D. Wasan, 

Langmuir, 2012, 28, 16274. Copyright: The 
Authors. Published by American Chemical 

Society (2014). 


Nanoparticle sweeping mechanisms through 


the micromodel pores (a) atter saline 
injection and (b) nanofluid injection. 
Reproduced with permission from K.-L. Liu, 
K. Kondiparty, A. D. Nikolov, and D. 
Wasan, Langmuir, 2012, 28, 16274. 
Copyright: The Authors. Published by 
American Chemical Society (2014). 


Examples of NPs adsortion on host rock 


As the above content shows, changing the rock wettability with nanostructures is a topic of great 
interest for oil recovery. More examples have been shown to improve the understanding of this topic. Li 
examined the use of different hydrophilic and hydrophobic SiOz NPs by assessing oil recovery values of 
Berea sandstone core plugs. They summarized the adsorption isotherms, spontaneous imbibition, 
contact angle measurements, and strengths and weakness of SiO» NPs. Using explanatory data from two 
NPs with different functionalities, it was shown that hydrophilic SiOz makes the core relatively water- 
wet, whilst using hydrophobic SiO, does not cause a change in the wettability of origin rock. They 
conclude that such hydrophilic NPs (with low contact angle, 10-20°) have a high tendency to adsorb on 
the rock surface, highlighting their use in the application within sandstone oil reservoirs. Using NPs to 
change the rock wettability of the carbonated reservoirs has also been strongly recommended by 
literature. For example, researchers analyzed Al,O3, TiO», and SiO» NPs and found that the rate of 
adsorption increased significantly when compared to systems without NPs. 


pH value 


Applying nanomaterials in the oil reserves has several advantages and disadvantages compared with the 
conventional chemical substances. One of the major issues is their pH-responsive properties in harsh 
reservoir media, which, since 20 years ago, have not been properly addressed. Changing the pH of NPs 
not only affects their aggregation in the pores and pore-throats but also owes to pore-plugging in the oil 
formation. The surface of NPs using surfactant as well as adding functionalized groups is two useful 
approaches which can help researchers and engineers in resolving this issue. It has been reported that 
higher oil recovery can be made possible by optimization of the stability of NPs in the reservoir of 
varying pH, as evaluated by isoelectric point (IEP). If the hydration repulsion between NPs in aqueous 
electrolyte suspension is high, the IEP value of a nanofluid is near zero and the particles tend to cluster 
and create an unstable fluid. While the optimum values will be obtained through high IEP values with 
ultra-stable nanofluids. It is noted that the lowest and highest stabilities within solutions are when ¢ 
values are above or below 30 mV (+30 mV), respectively. pH profiles in different reservoirs with 
lower/higher concentration depend on the amount of monovalent and divalent cations such as Mg**, 
Ca?*, and Cl in harsh conditions, in which the presence of ions can generally promote adsorption of 
NPs with ions on the substrate. Furthermore, shape, surface area, pore-volume, pore size, and NPs 
functionality are the main factors that cause increments in fluid stability. 


An in-depth understanding of pH-responsive nanomaterial is required before implementing any 
chemical EOR flooding in the oil reserves. Most NPs are influenced by inorganic salts in an aqueous 
solution. They have a high tendency to agglomerate and deposit in the presence of different ions which 
leads to both changes in IFT and wettability. Nonetheless, it is expected that the performance of NPs 
should be improved by surface functionalization during synthesizing or surface modification by 
surfactant, polymers, and ultrasonic vibration. By applying ultra-stable NPs, interfacial tension will 


decrease, and oil sweep efficiency improve due to surface chemistry compatibility and stability on the 
bulk surface of NPs. 


successfully stabilized NPs with high thermal stability in electrolyte solutions were recently synthesized 
in foam and Pickering emulsion. One well-known instance is the stabilized anisotropic particles, which 
exhibits highly stabilized Pickering emulsion. A significant change in reserved oil bank occurs when 
using surface-modified NPs during foam and Pickering emulsion flooding in the aqueous electrolyte 
solutions. For instance, upon surface modification of sphere silica NPs with polyethylene glycol (PEG, 
[link]), dramatic stabilized water/CO, emulsion and homogenous foam fronts were observed during 
Pickering emulsion and foam flooding, respectively. 
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Structure of 
polyethylene glycol 
(PEG). 


Much like silica particles, other NPs such as cellulose (a plant-based material, see [link]) also undergo 
significant stability within electrolyte solutions in EOR scenarios. Surface modified nanocellulose (NC) 
have been evaluated in order to improve the viscous properties of nanofluids. NC is a material 
composed of nanosized cellulose fibrils with a high aspect ratio (width = 5-20 nm, length = 
micrometers). This approach opened several exciting avenues for utilizing green nanomaterials that 
have shown to be effective in decreasing FT to 107! mN/m. By changing the pH value, weak 
interactions amongst NPs and rock formation occurs. These weak interactions between NPs and 
mono/divalent ions (i.e., Na*, Mg?*, Ca?*, Fe**, Cl“, CO3?", and SO,7’) lead to positive formation 
wettability alteration (oil-wet to water-wet) and further oil mobility. 
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Structure of cellulose. 


Effect of pH on deposition of clay NPs 


[link] shows the effect of pH on aggregation and stabilization of NPs. For instance, nano clay 
demonstrates great promise in changing the pH value. However, the chemistry of these layer-based NPs 
may not be tuned for different EOR scenarios. The hydration process is the main issue in these NPs 
which generates hydroxylation and protonation amongst cation and anion sites. [link]c shows the 
sensitivity of NPs to the positive charge (H* ions) which led to aggregation at low pH value; however, 
deposition of clay NPs was significantly reduced at higher pH value. 
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Schematic model of polymer aggregation onto surfaces 
in the presence of NPs onto different surfaces: (a) 
decreasing pH caused NPs aggregation, (b) at low pH, 
more deposition on positively charged edge sites on 
kaolinite or metal oxide impurities on sand, and (c) 
particle filtration by deposition of aggregates formed at 
low pH, and by deposition and mechanical filtration by 
clay aggregates at low pH. Reproduced with permission 
from H.-J, Kim, T. Phenrat, R. D. Tilton, and G. V. 
Lowry, J. Colloid Interface Sci., 2012, 370, 1. Copyright: 
Elsevier (2012). 


Recently, the effect of pH on long-term stability and aggregation of polyelectrolytes coated nano zero- 
valent iron (nZVI, Fe°) onto kaolinite and sand surfaces has been investigated. It was observed that a 
decrease in NPs stability occurred with decreasing pH. Moreover, the presence of divalent ion 
concentration caused greater deposition onto clay minerals than silica surfaces. Another type of clay 
NPs is montmorillonite that was recently assessed as an emulsion droplet stabilizer in an electrolyte 


solution. They proposed that each emulsion bubble was wrapped in multiple montmorillonite plate- 
sized NPs in order to stabilize them. 


Impact of temperature on NPs 


Chemical flooding continually deforms under HPHT condition and high salinity. These are the main 
issues for application of NPs, polymers, or surfactants in the oil formations. They should be considered 
before flooding to prevent phase segregation and molecular aggregation. 


Impact of salinity on NPs 


Formation rock and water formation are the main source of salinity in the reserves. Rock formation is 
due to the accumulation of electrolytes in the rock over millions of years within the reservoirs. The 
salinity of the rock formation has a significant effect on the success of any chemical floods; especially 
nanofluid. Therefore, applying a compatible geological test before implementing nanofluids would have 
an added benefit for successful chemical flooding. On the other hand, the reservoir’s fluid chemistry is 
another challenging parameter. For instance, the presence of various divalent (Ca**, Mg?*) and 
monovalent (K*, Na‘) cations withing nanofluid decreases the repulsive forces resulting in 
agglomeration of the NPs, which also occurs in polymer and surfactant molecules. Currently, there is no 
ultra-stable nanofluid system, so researchers are trying to improve fluid stability. Polyelectrolyte 
nanofluid system is available in the presence of KCl and NaCl to retain electrostatic repulsion forces 
between NPs and polymer in the high salinity mediums. As well as looking for a stabilized system, 
researchers found other existing polyelectrolyte systems such as polystyrene sulfonate ([link]a) and 
vinyl pyrrodine ([link]b) can be used to help NPs stabilized. 


(a) (b) 


Structures of (a) 
polystyrene sulfonate and 
(b) vinyl pyrrodine. 


Effect of NPs surface modification 


The particle-particle interaction and dispersion of nanoparticles in the base fluid is a great challenge in 
terms of applicability. Generally, two strategies have been suggested to dominate NPs dispersion in the 
fluid. One approach is covalent bonding using tune surface functional groups (ligands) such as silane, 
carboxylic, and amine. The second strategy is tailoring NPs to ligands such as surfactants, polymers, 
dendrimers, biomolecule, and small molecules that generate a steric stabilization effect between the 
NPs. However, in acidic or basic solution NPs are unable to remain stabilized when lower steric 


interactions are present. As opposed to neutral solutions, where this is not an issue and high NPs 
stability exists at lower steric interactions. 


Systematic studies have shown that functionalized NPs can reach a higher stability with ultra-low IFT, 
and contact angle to apply in foam and Pickering emulsion EOR methods. A Pickering emulsion is an 
emulsion that is stabilized by solid particles (for example colloidal silica) which adsorb onto the 
interface between the two phases. Various metal and non-metal NPs such as silicon dioxide (SiO>), 
zirconium dioxide (ZrO>), titanium dioxide (TiO2), magnesium oxide (MgO), aluminium oxide (Al)O3), 
copper dioxide (CuO), iron oxide (Fe,O3, Fe30,), cerium dioxide (CeO>), tin oxide (SnO>), zinc oxide 
(ZnO), cobalt ferrite (CoFe,O,), and Janus NPs have been modified and used for oil recovery. Janus 
particles are special types of nanoparticles or microparticles whose surfaces have two or more distinct 
physical properties. For example, in order to synthesize a Janus zirconium phosphate NPs, the NPs 
surface was modified with octadecyl isocyanate and applied in EOR emulsion method. Janus zirconium 
phosphate NPs generates a fine emulsion with high oil recovery. In addition, adding alkyl polyglycerol- 
side (APG) surfactant to zirconium phosphate nanofluid facilitate a positive synergistic effect, 
enhancing oil recovery and in turn, successful Pickering emulsion flooding. 


Controling viscosity 


Stable nanofluids are useful chemicals in reducing oil viscosity in heavy and extra-heavy oil reserves. 
One well-known example is ferrofluid, which showed excellent oil push up. Ferrofluid is composed of a 
nanoscale ferromagnetic fluid that becomes strongly magnetized via a magnetic field. Significant 
viscosity reduction of oil occurred by adding ferrofluid along with heat. Besides, ferrofluid leads to an 
increase in fluid viscosity displacement upon decreasing the oil viscosity. Both of these factors are the 
main driving forces behind the increase in mobility ratio and oil recovery. Another example of NPs 
demonstrating significant oil sweep efficiency is a SiO» NPs within a 300-ppm polymer solution with 
brine. It generated high oil mobilization within reservoirs due to the addition of NPs to the polymer 
solution which can be attributed to varying monomer arrangement, intermolecular interactions, and 
“log-jammed” of SiO, at the pore throat. Besides SiO» NPs, other metal oxides like NiO NPs within 
xanthan gum ([link]) solution and oleic acid were also used to improve viscosity and stability in EOR 
process. 
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Structure of the polysaccharide 
xanthan gum. 


Impact of NPs on asphaltenes adsorption 


Over the past decade, heavy and extra-heavy oil, contain asphaltene ({link]) and resin, has been a major 
impetus for wide-ranging studies to decrease the strength of interactions between oil molecules and rock 
surfaces. With growing evidence of the effects of the nanoparticles on increased oil sweeping 
efficiencies, some NPs can be used as an emerging platform in heavy oil (extra oil-wet) conditions. For 
instance, ZrO» nanofluids in the presence of non-ionic surfactants have been shown to be appropriate 
for carbonated heavy oil reservoirs. In this case, surface alteration from oil-wet to water-wet was 
observed; however, it was shown that the wettability alteration requires at least two days, while the 
maximum rate of oil recovery occurred shortly after contact between the nanofluids and rock interface. 
A high affinity of rock, in order to change the rock surface to the super-hydrophilic condition, was also 
observed. Furthermore, ZrO»-based nanofluid shows a suitable effect as a wettability modifier which 
can result in considerable oil sweeping in fractured and low-permeability carbonate reservoirs. Utilizing 
SiO» in the presence of asphaltene aggregates, Is owed to their adsorption on the NPs surface. 
Adsorption of NPs on NPs surfaces has motivated research teams to work on novel NPs in this field. 


Proposed representative 
structure of asphaltene. 


Besides, coating highly polar asphaltene aggregates on SiO, NPs within the polymer is a way to 
improve the oil sweep efficiency in different pH values. For instance, adding NPs to long-chained 
polymer molecules in waterflooding leads to significant front displacement in the presence of 
asphaltene aggregates. 


Nanoparticle classification 


Metal-oxide NPs 


Experimental studies have demonstrated the importance of metal NPs for EOR in foam and Pickering 
emulsion. They have been studied extensively during the past 20 years because NPs possess unique 
physicochemical properties. Metal oxide NPs such as Al»O3, MgO, and SiO have a pH-responsive and 
magnetic-responsive property ({link]). Due to these advanced properties, they can be used as a unique 
agent to modify the rock wettability, reduce oil viscosity, reduce fine migration, and improve oil sweep 
efficiency in the reserve. Free movement of metal NPs in the formation is crucial in the system. 
However, the mechanism of NPs movement is less considered. [link] shows the feasible NPs movement 
amongst rock formation. NPs adsorption and retention are essential for easy movement of NPs under 


harsh conditions (high salinity, high pressure, and high temperature). 
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Schematic of NP interactions with rock through porous media. 
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Summary of types of metal oxide NPs used in EOR flooding. 


Researchers have mainly focused on ceramic NPs like Al,O3 and SiO; to assess their potential 
properties after pressure decline in the reservoirs. Researcher’s literatures reveal that the applicability of 
Al,03 NPs in sandstone reservoirs are much greater than in carbonated formations. It has seen improved 
oil recovery upon adding 500 ppm Al ,O3 NPs with surfactant solution which has led to changes in rock 
wettability from oil-wet to water-wet and increased the nanofluid viscosity in sandstone reservoirs. 
Furthermore, recently, engineers have compared the efficiency of Al)O3, titanium dioxide (TiO2), and 
silicon dioxide (SiO2) on limestone sample at 26, 40, 50, and 60 °C. They have found 8.2%, 27.8%, 
43.4% oil recovery for Al,O3, TiO», and SiO», respectively. They have confirmed the lowest and highest 
wettability alteration for Al»O3 and SiO, on the carbonated (limestone) formation. Besides, they found 
NPs can continue to change the contact angle for Al,03,TiO2,SiO» by 71+2°, 5742°, and 26+2° on the 
limestone core plugs. Researchers expectations have risen sharply with the use of relatively unknown 
nanogel within Al,O3 solutions. Nanogel is a filler used with (Al,O3 NPs) to show signs of rheology 
improvement which led to higher oil recovery in high permeability heterogeneous reservoirs. 


Researchers estimated significant wettability alteration across the oil formation to be dependent on the 
NP properties such as functionality and concentration. For example, the silane is an efficient 
functionalized group used by scientists in order to stabilize nanofluid. It sticks on the NPs bulk surface 
featuring -OH group and triggers maximum NPs stability within the fluid. However, we will still require 
NPs stabilization to use them in the presence of brine for the foreseeable future. The polysilicon NPs 
(lipohydrophilic, hydrolipopholic and medium-wet NPs) will give this notice ahead of SiO, to be 
utilized in different EOR methods such as foam and emulsion. 


Metal NPs in polymer solution 


Recent addition of polymer to nanofluid marks a major step toward increased pseudoplasticity 
behaviour in nanofluid. For example, adding partially hydrolyzed polyacrylamide (HPAM) to SiOz NPs 
improve both shear resistance and stability at high temperatures. Researchers are working on the 
polymer with minimal sensitivity towards cost and loss for the oil reserves. However, synthesizing 
polymer with higher stability still proves challenging. Hopefully, many approaches such as the mixing 
of two di-block copolymers with hydrophobic monomers will help nanofluid to use polymers in the 
formation. Blending two block copolymers can help avoid aggregation and micellization, as the desired 
polymers for EOR application. By considering the aggregation number, monomer size, and response to 
external stimulus features, their applicability is closer in the reservoirs. Researchers have found for 
polymer to mix polyvinylpyrrolidone ([link]) with metal NPs (Alp03, MgO, SiO», TiO») for high 
wettability alteration and oil recovery (11%). Moreover, oil saturation was reduced by 20% after 
addition of 600 ppm hydrolyzed polyacrylamide (HPAM) to SiO, NPs. 
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Structure of 
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Furthermore, applying synthetic polymer such as polydimethylsiloxane (PDMS, [link]) with 1 wt.% 
CuO NPs in CO, injection makes a proper system with higher viscosity for heavy oil transport (API 
gravity 15) in sandstone reservoirs. The key observation made in this research is that using NPs (CuO- 
CO.) with polymer rises the viscosity 140 times more than compared to just CO, injection. The final oil 
recovery reached 71% using polymer and CuO-CO,NPs. 
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Metal NPs in surfactant solution 


A surfactant is an amphiphilic molecule composed of the hydrophilic head and hydrophobic tail. There 
is a range of surfactant types (both natural and synthetic) that can be applied, depending on the type of 
reservoir being treated, i.e., cationic, anionic, non-ionic, bio-surfactant, and zwitterionic. For EOR in 
sandstone reservoirs, anionic surfactants are preferred with varying head groups: sulfonate (R-SO3)), 
phosphate (R-O-PO3~’), sulfate (R-O-SO3;,), and carboxylate (R-CO>-). The sulfonate group has been 
shown to improve the thermal stability of the surfactant at reservoir temperature (60 - 200 °C), as well 
as reducing the interfacial tension (IFT), altering the rock wettability, and having a lower tendency to 
adsorb on the surface of sandstone reservoirs. By contrast, phosphate and sulfated groups have been 
shown to give low IFTs and have better performance at lower temperatures, while carboxylated groups 
have been developed to improve the surfactant stability at high temperatures and high salinity. Most 
metal NPs that have used with surfactant solutions are Al,O3, MgO, CuO, Fe,03/Fe30,, NiO, and 
Ni,O3. When in surfactant solutions, these metal NPs have a strong effect on the decrease in IFT and 
altering surface wettability in chemical EOR scenarios, such as the foam and emulsion. For example, 
very strong foam front and viscosity have been reported upon the addition of partially hydrophobic SiO» 
NPs to sodium dodecylbenzene sulfonate (SDBS, [link]). 
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(SDBS). 


Foam displacement with metal NPs 


Fluid displacement is “hard” geological work, where more than 60% of oil remains unproduced because 
of the declination in natural forces and pressure. Enhancing oil displacement with chemicals, especially 
foam, where an appropriate surfactant is selected, is shown to be a potential remedy to these problems. 
Foam is a dispersion of a high volume of gas (99 wt.%, N>, COs, and air) into a small amount of liquid 
(1 wt.%). Gas purging and entrapment in surfactant solution leads to the adsorption of surfactant 
molecules into the gas-liquid interface. As a result, this generates a continuous foam bubble with a thin- 
stable liquid/gas interface called lamellae. The effectiveness of foam in porous media is much more than 
water and gas. This leads to reduced gas relative permeability by bubble trapping and causes an increase 
in the gas viscosity which provides stable and robust foam. Furthermore, foam can potentially help to 
improve oil sweep efficiency and reduce gas mobility by forcing more gas from a small to a highly 
penetrable area. The foam performance can be increased by choosing appropriate surfactant and NPs 
with unique functionality. The majority of reported cases have shown the foam system without any pore 
plugging. [link] shows the possible mechanisms using hydrophilic nanoparticles arrangement at the 
interfaces by using a surfactant in foam generation. 


Schematic illustration of possible approaches in hydrophilic 
nanoparticles in foam generation: (a) stabilization of gas 
bubbles with colloidal particles; (b) the adsorption mechanism 
at the gas—liquid interface; (c) tuning the properties of various 
particles (such as Al,O3, ZrO», Ca3(PO,4)2, and SiO) by using 
surfactant to illustrate the foaming process. Reproduced with 
permission from U. T. Gonzenbach, A. R. Studart, E. Tervoort, 
and L. J. Gauckler, Angew. Chem., 2006, 45, 21. Copyright: 
Wiley-VCH (2006). 


Carbon nanomaterials 


Carbon nanostructures are made up of a few hundred carbon atoms in a range size of 1 to 100 nm. Most 
carbon-based nanostructures have a large surface area to volume ratios compare with metal NPs. Carbon 
nanotubes (CNTs), carbon-onion, graphene oxide, activated carbon, fullerene, and carbon black are the 
main types of carbon nanostructures. The properties of each nanocarbon are different because of 
molecular interactions between carbon atoms. Nanocarbons are using in electronic, biomedicine, 
catalysis, cosmetics, sensor, gas separation, and oil and gas industry. The large surface area to volume 
ratios and surface functionality of carbon nanomaterial allows them to act as a foam and emulsion agent 
in EOR methods. A carbon nanotube has a unique superoleophilicity and can be used as an emulsion 
stabilizer in oil/water emulsion application. Furthermore, scientists discovered that, while the carbon 
nanotube (CNTs) grafts on graphene aerogel surface, the emulsion shows much more 
superhydrophobicity and oleophobicity. 
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Schematic shows the mechanism of oil 
stabilization using graphene nanosheets 
and carbon black NPs over oil droplet. 
Reproduced with permission from M. 
A. Creighton, Y. Ohata, J. Miyawaki, 
A. Bose, and R. H. Hurt, Langmuir, 
2014, 30, 3687. Copyright: The 
Authors. Published by American 
Chemical Society (2014). 


The key feature in carbon nanotubes seems to be their ability to "tunning" the pore size and pore 
channel. Previous research has shown that a hybrid of silica NPs and carbon nanotube had a beneficial 
impact to on the stabilization of emulsion by controlling the concentration and type of NPs. Graphene, a 
two-dimensional nanomaterial, is another type of carbon nanomaterial that can be utilized in EOR as an 
emulsion stabilizer ([link] ). Recently, modified graphene oxide increased oil recovery ratio a by 15.2%, 
via a strong elasticity force created by graphene, resulting in changes in the oil/water interactions at the 
interface. Moreover, when the researchers applied the amphiphilic graphene sheet to the emulsion, they 
found that dissociation of the carboxylic group due to changes in the pH value, resulted in a tunable 
amphiphilicity. Carbon nanomaterials in an emulsion, but on the other hand, they are highly particle 
geometry-based which results in changes in the unique properties of emulsion such as minimizing 
interfacial tension in foam and emulsion. Therefore, for a successful foam or emulsion EOR flooding, 
consideration of particle size and emulsion size is necessary, as well as under harsh reservoir conditions. 
However, highly stabilized and efficient emulsion as they may appear in the presence of CNTs or 
graphene oxide, increases the cost of oil production and new synthesize procedures should be 
considered. In other research, a highly stabilized emulsion system was generated using 300 ppm 
graphene oxide (GO)/polyacrylamide suspensions over the course of 28 days. Furthermore, to increase 
oil recovery, CNTs/SiO» was flooded on carbonated and sandstone reservoirs which led to a reduction in 
IFT value and improvement in rock wettability. 
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Graphene oxide at gas-fluid, fluid-fluid, and solid-fluid 
interfaces. Reproduced with permission from J. Kim, L. 
J. Cote, F. Kim, W. Yuan, K. R. Shull and J. Huang, J. 
Am. Chem. Soc., 2010, 132, 23. Copyright: The Authors. 
Published by American Chemical Society (2010). 


Carbon black is another form of carbon nanomaterials that is mainly applied in paints, inks, and plastics 
industries. It has been reported that the modified surface of carbon-black can lead to an improvement in 
the fluid rheology and stabilize fluid in the reserves. link target-id="import-auto-idm360073488"/> 
shows the structure of ethylenediamine and acrylamide on carbon black surfaces. The surface of CB 
covalently modified with ethylenediamine (EDA, [link]a) and acrylamide (AM, [link]b) to make stable 
CB-EDA-AM complex in harsh condition. 
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Structures of (a) ethylenediamine 
(EDA) and (b) acrylamide (AM). 


Quantum dot (QD) NPs 


One of the most popular nanoparticles, sized between 2 to 10 nm (10 to 50 atoms in diameter) is 
quantum dots (QDs, [link]). They consist of a rod, core, core/shell and cadmium-free QDs. The main 
method used to assess their size is via photon energy. Their small size allows them to become suspended 
within a fluid, which may prove useful in different applications such as EOR process. Haruna et al. 
demonstrated that by adding QDs to HPAM solution, the fluid rheology decreases. However, they are 
good co-agent, compatible with other substances in fluid transport. The main disadvantage is their 
sensitivity to brine solution which is yet to be addressed. Some strategies have been proposed to 
stabilize QDs into solutions. For instance, adding oleic acid to cadmium selenide (CdSe) which leads to 
higher fluid stability (0.55 M ionic strength and 1 M NaCl). In other research, stabilized carbon QDs 
were used in carbonated reservoirs in harsh (120,000 ppm TDS) and HPHT conditions (100 °C). 
However, at the time of writing this, it looks very unlikely that those QDs will apply, due to formation 
jamming and damage by NPs aggregation in real reservoir conditions. 
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Different types of QDs Larger QDs. The particle with 2-3 nm diameter emits short wavelengths 
with blue and green colour. Moreover, the QDs of 5-6 nm diameter emit longer wavelengths with 
an orange or red. Reproduced with permission from Y. R. Saadat, N. Saeidi, S. Z. Vahed, A. 
Barzegari, and J. Barar, BioImpacts, 2015, 5, 1. Copyright: Tabriz University of Medical Sciences 
(2015). 


Oil tracer technology 


Following earlier assessments, we deduced that a sustained decrease in conventional oil production is 
becoming increasingly likely before 2030. This information was provided without considering tight oil 
reservoirs due to them being classified as unconventional oil resources. By including tight oil reservoirs, 
the portion of oil banks drastically changes these results. Researchers and engineers are still working on 
being able to assess oil traces in the formations using advanced technologies. A large portion of these 
reserves can be explored and recovered by available technologies. Although, we have had to use other 
technologies to in reservoirs that are hard to be assessed by in the presence of oil. 


Applying tracer technology using fluorescent nanoparticle is likely to trigger much exploration in tight 
and small oilfields. Tracing initiated by evaluation of real-time monitoring on the connectivity of the 
pores. Florescent detectors, pyrene tetrasulfonic acid (PTSA, [link]), fluorobenzoic acid (FBA, [link]), 
and methyl, ethyl, isopropyl, and n-propyl acetates ([link]) are common tracers used in hydrocarbon 
reservoirs. Furthermore, this novel technology is being applied by a group of researchers as a powerful 
sensor to detect the number of hazardous gases such as H»S and CO, in the reserves. 
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Structures of (a) methyl acetate, (b) ethyl acetate, (c) isopropyl 
acetate, and (d) n-propyl acetate. 


There have been reports of Fe»O3, Fe3O4, and cobalt ferrite (CoFe,O,4) NPs (smart ferrofluids) being 
utilized as a magnetic reservoir tracer. These types of NPs are able to reduce the amount of water cut 
and oil viscosity within steam-assisted gravity drainage (SAGD; "Sag-D"). SAGD is an EOR method 
used in heavy and extra heavy oil reservoirs. 


Pickering emulsion 


The emulsion consists of a fine dispersion of droplets following the agitation of two or more immiscible 
fluids. Pickering emulsion is another type of emulsion with adsorbed solid particles over droplets. Solid 
particles are within the range of 1-100 nm. It is commonly used for Pickering emulsion that NPs adsorbs 
at the interfaces for better stability against bubble coalescence ([link]). Solid NPs are different types of 
solid minerals, synthetic polymers, polysaccharides, and proteins. For instance, to retain oil stability 
from water, nanomaterials like SiO, NPs are added ([link]). They can be used in many applications such 
as food, cosmetics, biomedicine, and EOR. They are classified by oil-in-water (o/w), water-in-oil (w/o), 
and multiple phases. Their high resistance to emulsion droplet coalescence leads to improved rheology 
of displacing fluid in reservoirs. Their behaviour is regulated by the size and morphology of solid 
particles over each droplet. 
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Comparison of a classical oil-in-water (o/w), and water- 
in-oil (w/o) Pickering emulsion. Reproduced with 
permission from Y. Chevalier and M.-A. Bolzinger, 
Colloids Surf. A, 2013, 439, 23. Copyright: Elsevier 
(2013). 


Furthermore, many types of water-soluble polymers and surfactants such as polyacrylamide (PAM, 
[link]a), hydrolyzed polyacrylamide (HPAM), xanthan gum ([link]), polyacrylic acid ({link]b), cellulose 
({link]), and starch ([link]c) along with some NPs such as (clay, SiO», CuO) were used under HPHT 
conditions. Adding polymers and surfactants to the Pickering emulsion, bringing about optimum 
rheology, higher stability, and controls sedimentation. In another example, researchers have succeeded 
in synthesizing a highly stabilized CNTs/SiO, nanohybrid in harsh conditions. 
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Structures of (a) polyacrylamide (PAM), (b) polyacrylic acid, 
and (c) starch. 


Besides, the addition of surfactants such as hexadecyltrimethylammonium bromide (CTAB, [link]) and 
palmitic acid ([link]) to SiO. NPs generated a strong steric hindrance between NPs, consequently 
leading to higher emulsion stability. (Santini et al.) 
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Structure of palmitic acid. 


Incorporation of SiO» NPs, polystyrene, and polyacrylamide in Pickering emulsion resulted in strong 
adsorption of NPs and long-term stability at oil-water interface ([link]). On the other hand, 
demulsification in heavy oil reservoirs and bitumen extraction from oil sands has drawn a great deal of 
attention as a flexible approach to reduce oil viscosity and increase oil mobility. 
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(a) the Cryo-SEM image of hydrophilic SiOz NPs 
stabilized by Pickering emulsions,(b) depicts how 
polystyrene paicles coated by bacteria cellulose 
nanofibers, (c) shows polyacrylamide (PAAm) particles 
coated by functionalized montmorillonite, and (d) shows 
a pH-sensitive encapsulates covered by SiO» NPs. 
Adapted from (a) S. Sihler, A. Schrade, Z. Cao, and U. 
Ziener, Langmuir, 2015, 31, 10392, (b) I. Kalashnikova, 
H. Bizot, P. Bertoncini, B. Cathala, and I. Capron, Soft 
Matter, 2013, 9, 952, (c) D. J. Voorn, W. Ming, and A. 
M. van Herk, Macromolecules, 2006, 39, 2137, and (d) 
M. F. Haase, D. Grigoriev, H. Moehwald, B. Tiersch, and 
D. G. Shchukin, J. Phys. Chem. C, 2010, 114, 17304. 
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Emerging technologies and future outlook 


Introduction 


The global demand for energy supply is increasing and few doubts remain 
that the world resources (renewable and fossil fuels) are adequately 
available. Because low efficiency and the high expense of renewable energy 
resources, currently their usage is not rational. And yet, for the world, the 
hydrocarbon resources remain as the main source of energy. However, most 
of the recoverable hydrocarbon resources have run out and using new 
technologies to recover ~70 % of remaining hydrocarbon is required. The 
best option, in reality, is using both conventional and unconventional 
resources including heavy and extra-heavy oil reserves, oil shale, tar sands, 
shale gas, tight gas, coal-bed methane, and natural-gas hydrates in the 
coming years. With the technical assistance of reservoir engineers, 
technologies will be increased and be performing within a few years 
({link]). Currently, using low saline water, steam, miscible gas injection, 
polymer, and SAGD flooding process are being implemented in real 
reservoir environments. Given this, various technologies including smart 
water, acid gas injection, high-pressure air injection (HPAI), microbial, and 
foam must be developed over time. 


Water flooding 


Commercial methods 
Netra (sco) 
Extra heavy oil Polymer flooding 
Oil sands (tar sands) 
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LoSal injection 
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Summary of IOR/EOR technology which can be utilized 
in real condition of the oil reservoirs. Production curve 
of CBM, with volumes of methane and water production 
over time. Reproduced with permission from T. 
Babadagli, J. Pet. Sci. Eng., 2020, 188, 106930. 
Copyright: The Authors. Published by Elsevier (2020). 


Medium and light oil reserves 


Low salinity waterflooding 


Ionic water content in the reservoir formation poses a problem. Low salinity 
water flooding, as a smart EOR flooding, is a promising technology 
designed to modify injected brine solution according to the reservoir’s 
properties. The main goal of this method is changing the wettability of rock 
from an oil-wet to a water-wet state. Because water flooding can result in 


various types of formation damage (e.g., fluids-rock incompatibility, 
organic and inorganic precipitation, and pore plugging), using smart water 
technology, an advanced water flooding, is a blueprint for the future. 
However, according to data from the literature, in some cases, scaling issues 
arise in the reserves. The main reason for this phenomenon is the use of 
unsuitable EOR agents such as calcium carbonate when the temperature of 
oil formation rises and the rate of salt precipitation increases. Typically, 
sodium chloride (NaCl), sulphate (BaSO,, SrSO,4, CaSO,), carbonate 
(CaCO3, FeCO3, BaCO3, SrCO3, MgCO3, ZnCO3, PbCO3), and sulphide 
(PbS, ZnS, FeS,) leads to scaling problems such as pore blocking and 
tubing flow restriction, especially in carbonate rocks. Basically, higher 
scaling tends to take place in the presence of heavy metals such as Ba?", 
SO,7, BO", Sr**, and PO,°*. On the other hand, adding lauric acid ({link]) 
and benzoic acid ([link]), to low saline water flooding increased fluid 
adsorption on surfaces due to the oil wetness characteristics as opposed to 
water-wet in oil reservoirs. All this means that using different salts to 
decrease strong chemical adsorption on the rock surface is extremely 
problematic. 
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Modified seawater formulation significantly changes the adsorption of oil 
molecules on the rock surface by breaking down strong chemical reactions. 
Phosphate and polyphosphate compounds such as sodium 
hexametaphosphate (SHMP) are promising additives in smart water which 
can reduce scaling problems at higher temperatures. However, the strong 
reaction of salts with water and rock surface generally occurs when sulphate 
being entered to the oil reserves. It was found that strong scaling tended to 
happen as a result of the precipitation and pore-blocking upon mixing with 
water. 


To prepare reservoirs for the next flooding with, for example, smart water 
such as smart water, engineers must optimise and assess the chemical 
interactions between the fluid-fluid and solid-fluid. Integrated methods such 
as low salinity waterflooding is an economical and environmentally friendly 
method which can be applied, providing good geological properties are 
there ([link]). Researchers, based on laboratory experiments, have realised 
the importance of multivalent cations (such as calcium and magnesium) for 
successful smart water flooding. They are now focusing on manipulating 
brines before each flooding to form a positive wettability alteration with 
lower adsorption on the rock surface. Before applying any smart water 
flooding, chemists aim to decrease the strong chemical interactions (e.g., 
carboxylic group) of polar oil on the rock. Therefore, finding optimal ionic 
strength can be a catalyst to decrease the strong adsorption between oil and 
rock surface. The different reactions of mono/divalent cations in water and 
on the carbonated rock (Chalk) was carried out using spontaneous 
imbibition experiments. While complex interactions between oil-water 
formed, the addition of a defined amount of water needed to decrease 
bonding. Coreflooding experiments on non-wet rock revealed a 3-5% surge 
in original oil in place (OOIP) and 16-21% after water and LoSal water 
flooding, respectively. Typically, low salinity water-flooding can be used in 


both carbonated and sandstone reservoirs such as the North Sea and Middle 
East oilfields. High oil recovery (26%) was obtained after flooding optimal 
saline water solution in the Endicott oilfield, Alaska by BP (British 
petroleum). In 2016, BP, ConocoPhillips, Chevron, and Shell will initiate 
the largest offshore low salinity waterflooding project Clair Ridge oilfield 
(in the North Sea). Clair Ridge is expected to produce more than 40 million 
barrels of additional oil at relatively low cost. 
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Schematic of the low salinity waterflooding EOR. Reproduced with 
permission from Ayirala. S. S, Saleh. S. H, Yousef. A. A, SPE 
Improved Oil Recovery Conference, 2016, . Copyright: The Authors. 
Published by Elsevier (2016). 


Would seawater flooding work instead? 


The short answer is no. Seawater is a solution containing a large amount of 
divalent and monovalent cation and anions. It has already been confirmed 
that using seawater increases the binding energy between salt/oil/rock. To 
use seawater safely, engineers need desalination equipment. A desalination 
unit performs as a membrane that is able to tune water chemistry. High oil 
recovery can be achieved if the optimal low salinity water flooding is there. 
Polymers and other EOR additives are also able to be added to low brine 
solution to decrease the cost of EOR operations by recycling and desalting 
produced water. Therefore, a sharp increase in oil recovery (5-7%) is 


feasible by using the in-site desalination unit on seawater solution (under 
5000 ppm brine). 


Companies are working to build a highly efficient desalination unit using 
new technologies. Forward/reverse osmosis and membranes are the main 
methods proposed to improve desalination performance. On the other hand, 
some nanomaterials such as carbon nanotubes, graphene oxide, and metal 
nanoparticles (NPs) can potentially be used. 


The mechanism of low salinity water flooding 


LoSal water flooding mechanism is still an unanswered question. However, 
researchers mostly explain this as changing rock wetting properties which 
can be described by two theories: (a) multicomponent ion exchange (MIE), 
and (b) expansion of electrical double layer (DLE). The reservoir pH can be 
fine-tuned by flooding optimal low salinity. Typically, ionic exchange on 
the rock matrix sites is described by MIE theory. According to MIE theory, 
unfavourable cation adsorption takes place in the presence of Mg** and 
Ca** on the rock and decreases the oil liberation. According to MIE theory, 
polar organic and organometallic complexes can be removed from the 
surfaces and be replaced with other cation charges such as Na*. The main 
reason for oil liberation is the presence of weak Van der Waals interactions 
on a surface. In clay-based formations, cationic exchange mostly takes 
place via quaternary ammonium compounds or heterocyclic ring with metal 
cation’s on the clay. Low salinity water-flooding can remove the Ca** and 
Mg?*, decrease residual oil saturation (5.6%-7.6%) in the Clair’s oilfield. 
Microscopic displacement efficiency improved by eliminating strong 
chemical bindings between brine-oil-rock, rock wettability alteration. 


The most important reactions between rock surface-fluid in different 
scenarios are shown in [link]. In LoSal injection, cation/ligand exchange 
and cation/water bridging will be greatly affected during low salinity. 
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Mechanism of association organic functional groups-soil minerals 


Alkaline flooding 


Alkaline flooding (caustic flooding) is an EOR method similar to low 
salinity water flooding. However, in this process only an alkaline solution 
such as NH3.H»O, NH4,OH, Na »CO3 and NaOH can be used. Forming 
surfactant consists of alkaline interaction with oil. Therefore, the idea 
behind surfactant is decreasing IFT between oil and water which is an ideal 
scenario for oil recovery. Flooding alkaline solution in carbonated 
reservoirs is not recommended because it produces hydroxide precipitation 


and leads to the attachment of caustics, scaling, and finally pore plugging in 
carbonate rocks. This situation in the reservoir will occur in porous media 
when calcium and magnesium are in abundance. 


NPs flooding 


Research on the use of new technologies in oil recovery has continued. For 
a decade researcher focused on applying NPs as an agent inside the pores. 
The addition of NPs to rock alters the fluid-fluid and rock-fluid interfaces 
and improves wetting properties of rock to increase oil sweeping. NPs 
flooding might also be combined with surfactant and polymer flooding to 
increase oil relative permeability (rel-perm) and decrease water rel-perm. In 
this approach, water-cut would be decreased inside the pores and pore- 
throats. Moreover, it might be possible to employ as a catalyst at a higher 
temperature in highly viscous reserves using In-situ oil recovery approach. 
So that they make a reservoir an underground refinery which minimizes 
viscosities of heavy and extra-heavy oil e.g., shale or bitumen. W, Ni, and 
Mo oxides are possible choices to decrease viscosities of unconventional oil 
resources. TiO, nanofluid (0.01 wt. %) improve the rock wettability in the 
presence of heavy oil and lead to an increase of 49% in oil recovery after 
waterflooding. Researchers have explored adding —OH groups (on the NPs) 
which caused a decrease in chemical interactions between oil-rock and 
decrease NPs tendency to absorb on the rock substrate. 


NPs flooding obstacles 


Traditional EOR methods (water, gas, steam, and polymer flooding) have 
been in use for a long time, but significant technical, operational and 
economic factors continue to limit their application. Several completely 
new technologies such as highly stable polymers, surfactants, and NPs have 
been developed to improve oil recovery. These additives have shown great 
effectiveness on EOR parameters, but they are, at present, not cost-effective 
in comparison to current EOR techniques. Developing the facile injection 
scenario based on NPs is an important approach for oil companies. A low- 


cost preparation method, eco-friendly precursor, mass-production scalable, 
and high stability based on the reservoir mediums are still mandatory to 
develop EOR procedures. Effective use of NPs across a wide range of EOR 
applications rely on particle stability through oil-pathways in inter- 
connected pores. Therefore, considerable research efforts have built 
stabilized NPs in the reservoir. Fine migration represents the best example 
of the issue. When the fine particles are highly precipitated in the reservoir, 
their interactions result in plugging of the pores and reducing rock 
permeability. 


Heavy and extra heavy oil reserves 


In-situ combustion 


In-situ combustion is a mixture of fire with air or O> injection to generate 
heat in-place and higher temperatures to decrease fluid viscosity into the 
reservoir. In-situ combustion is divided into two subgroups: wet and dry 
combustion. If the water added to air makes an oil front zone in the vicinity 
of the wellbore, it is called wet combustion. On the other hand, if only the 
air is utilized for ignition it is called dry combustion. Understanding the 
continuous air injection mechanism aids the creation of a burning front zone 
and complete liquid sweeping toward the wellbore. Non-thermal methods 
are a potential route for light and moderate oil reservoirs (100-2000 cp) 
these methods are not appropriate for thermal injection. However, scientists 
have claimed using in-situ combustion leads to corrosion and generates 
toxic gasses in the reserves. 


Researchers classified the trapped oil in reservoirs based on their viscosity. 
Light oil (API gravity >22), the heavy (API gravity 10-20), and extra heavy 
(API gravity <10). are too viscous and do not have the mobility to flow 
through the porous media. The reason that oil is classified as a heavy and 
extra heavy is due to a considerable amount of sulphur, nitrogen, oxygen, 
and high C/H unit ratio. 


Bitumen recovery 


Many efforts have been made to decrease the number of aromatics, resins, 
and asphaltenes in the reserves. Some applicable technologies such as cycle 
steam simulator (CSS), steam flooding, steam-assisted gravity drainage 
(SAGD), and in-situ combustion (ISC) work by breaking interactions 
between highly polar components, oil, and rock with decreasing oil 
viscosity. Bitumen extraction methods such as injecting steam and heat are 
effective in reducing viscosity. Researchers also have explored techniques 
using VAPEX, ES-SAGD, and SAGP to decrease heavy oil viscosity, but 
their applications thus far are not cost-effective. The presence of solvent gas 
(ethane, propane, and butane) with a carrier gas (N> or CO>) instead of 
steam, is called VAPEX. Combining low steam value (10%) with the 
solvent gas leads to a solvent expansion in the VAPEX; therefore, it is 
called expanding solvent SAGD (ES-SAGD). CH, or N> is injected with 
steam to push gas into SAGD, this is called steam and gas push (SAGP). 
The N> injection can be considered as a sweeping agent in the high-pressure 
reservoir, e.g., Cantarell field in Mexico as the largest N> injection in the 
world. 


Moreover, ionic liquids (ILs) and organic solvents can be used to increase 
the amount of bitumen extraction in tar sands. Particle size, shape, surface 
area, sorption properties, and active surface sites are the main parameters in 
oil upgrading. Ultra-dispersed nanosized catalysts can be injected into the 
reservoir at minimal heat requirement owing to easily bitumen 
transportation via pipelines. Moreover, the effect of cerium oxide 
nanoparticles (CeO) has been investigated by catalytic cracking reaction 
and supercritical water in Canadian oil sand bitumen ([link]). 
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Schematic representation of in- 
situ upgrading with ultra- 
dispersed nanoparticles in sand 
oil. Reproduced with 
permission from R. Hashemi, 
N. N. Nassar, P. P. Almao, 
Applied Energy, 2014, 133, 
374-387. 


Desulfurization and emulsification 


Desulfurization and emulsification can enhance the viscosity of heavy oil. 
Oil-oxidative desulfurization (ODS) method as a demulsification method 
can decrease the polarity of heavy oil components and upgrade oil for oil 
sands derived bitumen. ODS has been developed with oxidization of sulfur 
using Canadian Cold Lake bitumen. An emulsification method was 
deployed in the presence of polyvinyl alcohol ({link]) and evaluated the 
effect of surfactant molecular weight and degree of hydrolysis for reducing 
the viscosity of Canadian heavy oil. 
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Tar sand 


Over previous decades, progress in the extraction of tar sand ([link]) has 
emerged as the fastest-growing area around the world. Mostly, oil sand 
consists of sand-clay (86%), and bitumen-water (14%). In situ mining and 
surface, mining has been applied successfully to recover trapped oil in the 
oil sand. Currently, cycle steam simulator (CSS-steam), steam-assisted 
gravity drainage (SAGD-hot steam), and supercritical water (SCW) are 
methods that can recover bitumen from deep underground locations. 
However, specialist equipment should be used for the separation of 
approximately 90% bitumen from the rock. It exhibited many advantages 
for converting (upgrading) bitumen or heavy oil to lighter fractions 
(synthetic crude oil). It should be noted that adding hydrogen to higher 
components (hydrocracking) or carbon removing (coking) simplifies the 
process for obtaining valuable light fractions of oil. The importance of 
environmental footprints, CO» emissions, wastewater, and oil-sands 
infrastructure should be considered. 


Oil sands on the banks of the Athabasca 
River (c. 1900 - 1930). (Library and 
Archives Canada) 


Shale oil 


Shale oil is a class of mature oil. The majority of shale oil are kerogen (a 
solid polymer) and organic bitumen, which are located in low permeability 
formation at shallow depths. The conversion of kerogen to oil requires high 
temperatures in the absence of oxygen. 


Hydraulic fracturing 


Hydraulic fracturing (or fracking) is the main method to boost shale oil 
production in low/ultralow permeability pores (ranging from 10 to hundred 
nanometers). Hydraulic fracturing consists of pumping a fluid into wells in 
order to increase pressure and produce fractures within the formation rock. 
To keep the fracture open after the injection stops, sand with high 
permeability is added to the fracture. The schematic of fluid transport into 
the shale reservoir is shown in [link]. 
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Hydrocarbon accumulation patterns in shale 
measures. Reproduced with permission from 
Caineng. Z, Zhi. Y, Jingwei. C, Rukai. Z, 
Lianhua. H, Shizhen. T, Xuanjun. Y, 
Songtao. W, Senhu. L, Lan. W, Petrol. 
Explor. Dev., 2013, 40, 15. 


Functionalised aluminate such as polymers/resin proppants, resin-coated 
sand, sintered bauxite and gel compositions are highly effective chemicals 
in keeping fractures open and suspend the functionalized aluminate 
structure. To combat high interfacial tension caused by adding aluminate 
components, linear/crosslinked guar gum ({link]), viscoelastic surfactants, 
and energized fluids (a large fraction of gas) can be used to reduce IFT and 
increase the fluid transport. “slickwater” is another approach by which 
adding a low concentration of polyacrylamide ([link]) and linear gel 
(reducer) is carried out to control the conductivity damage through the 
fractures. The main focus of the materials used in hydraulic fracturing is 
developing a cost-effective and HPHT stable chemicals similar to guar gum 
and polyacrylamides. 
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Structure of a guaran unit of 
guar gum. 


Structure of 
polyacrylamide 


Adding nanoparticle to shale reservoirs improve the viscoelasticity of 
injected fluid during a water loss. Recently, it was suggested that the silica 
nanofluids can be utilized as an agent in low permeability rocks (shale oil). 
The surface of silica NPs was modified with vinyltriethoxysilane ([link]) 
and 2-mercaptobenzimidazole ([link]). It showed good stability in different 
pH and NaCl concentrations, proper interface tension (IFT) and wettability 
alteration toward a water-wet state. 
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Structure of 2- 
mercaptobenzimidazole. 


Oil shale pyrolysis using a solid heat carrier (SHC) method is a useful 
technique in changing shale oil viscosity in a circulating fluidized bed 
(CFB). In SHC, shale would be refluxed by a heater inside the well. Based 
on this system, the oil will be boiled and vaporized through the shale 
reservoirs and consequently, extracted as light fractions of the surface as 
shown in [link]. Researchers revealed using SHC led to the formation of 
lighter oil fractions via electrical heaters in vertically drilled wells. Inducing 
heat in the shale reservoir transformed lighter fractions of shale and high oil 
recovery after 2-3 years. 
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Schematic representation of 
refluxing oil in oil shale 
formation. Reproduced with 
permission from Burnham. A. 
K, Day. R. L, Hardy. M. P, 
Wallman. P. H, Oil Shale: A 
Solution to the Liquid Fuel 
Dilemma, Ed. O. I. Ogunsola, 
A. M. Hartstein, and O. 
Ogunsola, Oxford University 
Press: Oxford (2010). 


Tight gas 


The production of natural gas from low permeability mediums (below 0.1 
mD) in tight rock is called tight gas. Moreover, gas production from shale 
formation is called shale gas. In recent years, gas production from the tight 
reservoirs has drastically increased. Vertical wells are not suitable for gas 


extraction because they are unsuitable in low permeable reservoirs. For this 
reason, the horizontal wells are a good choice to increase the amount of gas 
recovery. Production of tight and shale gas requires hydraulic fracturing or 
horizontal wells. Horizontal wells provide higher contact with deposit shale 
compared to vertical wells and enables effective gas transfer. Today’s 
technology is only suitable for onshore production and offers a maximum 
recovery rate of 20% of the volume in place. 


In coal deposits, significant amounts of methane-rich gas are generated and 
stored within the coal structure. The gas is normally released during mining, 
although more recent research aimed to capture more gas. This process is 
applied not only for economic exploitation, but also safety and 
environmental reasons. Coal-bed methane (CBM), however, is typically 
methane gas trapped within coal deposits that are not profitable for 
extraction due to high depths or poor coal quality. Coal beds have low 
permeability that reduces with increasing depth. Therefore, hydraulic 
fracturing and/ or horizontal wells are required ease the fluid to flow 
through a well. Because of the pressure, water permeates into coal and traps 
the gas. It is then extracted again thus reducing the pressure and enabling 
methane to flow out of the coal through the well. [link] shows a typical 
production curve of CBM, with volumes of methane and water production 
over time. In the first phase, a large amount of contaminated water is 
produced, which is usually re-injected into the formations. Today’s research 
efforts aim to develop techniques based on CO, injections into coal bed 
formations to enhance methane production. The easy CO, adsorption of 
coal helps release methane and offers significant potential for CO» 
geological storage and reduction of CO, in the atmosphere. 
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Production curve of CBM, with volumes of methane and 
water production over time. Reproduced with permission 
from Ritter. D, Vinson. D, Barnhart. E, Akob. D. M, 
Fields. M. W, Cunningham. A. B, Orem. W, McIntosh. J. 
C, Int. J. Coal Geo., 2015, 146, 28-41. Copyright: The 
Authors. Published by Elsevier (2015). 


The swelling of smectite clays in the inter burden rock layers of coal seam 
gas wells results in spalling of fine particles that may negatively impact gas 
production through damage to the well's pump and/or the permeability of 
the coal layers. One cause of the clay swelling is the change in water 
chemistry at the wellbore location due to drilling fluids and the influx of 
produced water. The method used to mitigate the swelling of smectite clays 
in oil and gas reservoirs is to stabilize the clay using a brine such as 4% 
KCl, although this technology is relatively low cost and initially effective, 
the mitigation of clay swelling is temporary because K” ions are easily 
washed off the clay when the well is brought into production. An alternative 
approach recently reported is the use of nanoparticles and nanofluids to 
control clay swelling. 


Five commercially available NPs (SiO2, Al,O3, ZnO, Fe2O3, and ZrO>) 
have been evaluated for the prevention of swelling of natural bentonite clay, 
rich in sodium montmorillonite ((Na,Ca)9.33(Al,Mg)2(Si4019)(OH)2"nH20). 
The effectiveness of the nanoparticles to prevent clay swelling was 
measured with a visual swelling index method based on ASTM D5890-11 
and compared to the swelling of the clay in 4% KCI brine. In the initial 
nanoparticle screening tests performed in distilled water, all the NPs except 
for the ZnO exhibited some potential to mitigate the swelling of bentonite. 
The next stage of screening experiments was performed in model formation 
water solutions containing 2500 mg /L and 9000 mg/L of Na ions at pHs of 
5 and 9. In the model formation water tests, the SiO» was the most effective 
nanoparticle to mitigate clay swelling across the range of conditions 
examined. These results suggest NPs may be a potential solution to mitigate 
clay swelling and spalling in coal seam gas reservoirs as well as other types 
of reservoirs. Further research is required to elucidate the mechanism of 
swelling inhibition with SiO» NPs and to develop practical methods to 
deploy NPs into a coal seam gas (CSG) well. 


Natural-gas hydrates 


Natural-gas hydrates (also known as methane clathrates) are crystalline 
materials in which gas molecules are surrounded by a lattice of water 
molecules. They are formed by water and natural gas (methane) at high 
pressures and low temperatures. In such conditions, they are stable and only 
dissociate very slowly. At present, within the oil and gas industry, natural 
gas hydrates are seen as a problem rather than as a resource. Formation of 
“snow-like” hydrates can damage oil and gas pipelines and cause problems 
in drilling pipes. However, the vast potential of gas trapped within hydrates 
offers a large resource. 


Three basic methods exist for gas hydrate exploitation as an energy 
resource: depressurisation, thermal injection and inhibitor injection. In 
some cases, hydrates are located above gas reservoirs and dissociate as the 
production from natural gas reduces the underground pressure. 
Depressurisation is, therefore, the easiest method to extract hydrates but 
does come with a few technical challenges. However, well depressurisation 


does not necessarily reduce the pressure of the entire hydrate layer. Thermal 
injection techniques involve the injection of steam or hot water into the well 
to decompose the hydrates and thus generate the gas. One challenge in this 
process is that hydrates are often found at deep locations and injected fluids 
are cooled before reaching the hydrate layer. Inhibitor injection techniques 
are used to collapse the crystalline hydrate in offshore natural-gas pipelines 
to prevent hydrate formation. Inhibitors such as methanol dissolve methane 
from the hydrate, and the gas is released. 


The average hydrate composition is 1 mole of CH, for every 5.75 moles of 
HO (i.e., 4CH,:23H,O), though this is dependent on how many methane 
molecules "fit" into the various cage structures of the water lattice. The 
observed density is around 0.9 g/cm. One volume of methane hydrate solid 
would, therefore, contain, on average, 168 volumes of CHy gas. 
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